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FOREWORD

This compendium has been prepared by IT Research Institute (IQTRf) on behalf of the Space and

Naval Warfare Systems Command (SPAWAR) to document the results of studies monitoring for possible

electromagnstic effects to biota from operation of the U.S. Navy's ELF Communications System.

Monitoring studies have been performed by research teams from Michigan State University,

Michigan Technolgxic University, the University of Minnesota-Duluth, the Universty of Wisconsin-
Milwaukee, and the University of Wisconsin-Parkslide under subcontract agreements with In'R. SPAWAR

funded these studies under Contracts N00039-81-C-0357, N00039.84-C.0070, N00C3988-C 0065, and

N00039-93-C-0001 to IITRI. IITRI, a not-for-profit organzation, managed the program and provided

engineering support to ecological research teams.

Each report in this compendiuim Crabs A through H) presents the results of monitoring research
peformed near the Naval Radio Transmitting Facility at Republic, Michigan (NRTF-Republic) over the

period 1982-1993. The results and conclusions of studies conducted near the Naval Radio Transmitting

Facility at Clam Lake, Wisconsin (NRTF.Clam Lake) can be found in previous complations Research

reports have been prepared annually, and each has been reviwed by at least three scientific peers.
Investigators considered and addressed peer critiques prior to providing a final copy to IITRI for

compilation Final reports were complied without further change or editing by SPAWAR or IITRI.

As was done for all program documents, UTRI has subrmitted this complation to the National

Technical Information Service for unlimited dstributlo Previous compilations and other program

documents are hsted under Tab I.
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INTRODUCTION

In 1982, Michigan Technological University initiated
research at the site of the Naval Radio Transmitting Facility
- Republic, Michigan which would determine whether ELF
electromagnetic (EM) fields cause changes in forest
productivity or health. Studies initiated at analagous
control, antenna and ground treatment plots have established a
baseline of data that are being used to compare various
aspects of these communities before and after the antenna
became operational. In addition, comparisons are also made
between test and control plots within a year. This is a
rigorous approach for evaluating possible effects of ELF EM
fields on forest ecosystems.

Studies of commercially and environmentally important
tree species have been key to past ELF EM field studies at
Michigan Tech. Existing stands of northern red oak, paper
birch, red maple and aspen as well as young red pine
plantations have been the subject of intense monitoring
efforts with major emphasis on measures of productivity such
as height and diameter growth and production of foliage. In
"addition, studies of herbaceous plants and mycorrhizal fungi
have been examined as potential indicators of ELF EM field
effects. On-site measurements of ambient weather, site and EM
field strength (magnetic - mG, longitudinal - mV/m and
transverse V/m) have been used in statistical analyses to
evaluate potentially subtle ELF EM field effects on growth.

The ELF studies database at Michigan Tech contains eight
years of information. The first data were gathered in 1985
with collection continuing through 1992. At the same time,
antenna testing began in 1986 (6 amps) and continued in 1987
(15 amps) and 1988 (75 amps) with operational levels (150
amps) being reached in 1989 through the present. The only
exception to this ocurred in May through June of the 1991
field season when the north-south antenna operated at full
power while the east-west antenna was off. Prior to the start
of these studies, 1.5 years were spent establishing and
installing instruments on analagous plots. The additional
efforts this past year during full antenna operation augments
this already extensive database allowing the best possible
evaluation of ELF field effects on forest productivity.

This Report examines the degree of success achieved by
research efforts through the 1992 and 1993 field seasons
(depending on the work element). Several field measures were
made for the last time during the 1992 season including leaf
water potential, starflower phenology, and analysis of litter
and red oak foliar nutrients. All measurements end in
Novemger of 1993. Analysis of data, however, is seldom
complete in the same year as data gathering and a final
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synthesis of these studies will appear in the 1994 Final
Report.

Our broad objective remains to assess the impact of ELF
fields on forest productivity and health. To accmnplish this,
more specific objectives of the work elements are to determine
the impacts of ELF electromagnetic fields on:

1) growth rates of established stands, individual
hardwood trees and red pine seedlings,

2) timing of selected phenological events of trees, herbs
and mycorrhizal fungi,

3) numbers and kinds of indigenous mycorrhizae on red
pine seedlings,

4) nutrient levels of hardwoods and red pine,
5) foliage production in hardwoods.

The ecologically significant subject of insect and
disease incidence is discussed in a related project on litter
decomposition. Ultimately, the question of whether ELF EM
fields measurably impact forest communities will be answered
by testing various hypotheses (Table 1) based on the results
of long-term studies.

PROJECT DESIGN

Overview of Experimental Desian

This study is based on a statistically rigorous design to
separate possibly subtle ELF field effects on response
variables from the existing natural variability caused by
soil, stand and climatic factors. Consequently, to test our
hypotheses, it has been imperative to directly measure both
plant growth and important regulators of the growth process
such as tree, stand, and site factors in addition to ELF
fields at the sites. Our work elements group similar
measurements and analyses but are interrelated, with data from
several elements often used to test a single hypothesis (Table
2). The experimental design integrates direct measures with
site variables and electromagnetic field exposure and is a
common thread through nearly all studies due to the field
design.
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Table 1. Critical hypotheses that are tested to fulfill
the objectives of the ELF environmental monitoring program
Upland Flora project.

I. There is no difference in the magnitude or the
pattern of seasonal diameter growth of hardwoods
before and after the ELF antenna becomes activated.

II. There is no difference in the magnitude of diameter
growth of red pine seedlings before and after the
ELF antenna becomes activated.

III. There is no difference in the magnitude or rate of
height growth of red pine seedlings before and after
the ELF antenna becomes activated.

IV. There is no difference in the rate of growth and
phenological development of the herb, Trientalis
borealis L., before and after the ELF antenna
becomes activated.

V. There is no difference in the number of different
types of mycorrhizal root tips on red pine seedlings
before and after the antenna becomes activated.

VI. There is no difference in the total weight and
nutrient concentrations of tree litter before and
after the ELF antenna becomes activated.

VII. There is no difference in the foliar nutrient
concentrations of northern red oak trees or red pine
seedlings before and after the ELF antenna becomes
activated.

3.



Table 2. Measurements needed for testing the critical hypotheses of the
ELF environmental monitoring program Upland Flora project, the objective it
is related to, and the work elements addressing the necessary measurements
and analyses.

Hypothesis Related Work
N Meas urements Elements

I 1,2 Weekly dendrometer band readinas* 1,2,3
climatic variables, soil nutrients, tree
and stand characteristics.

II 1 Annual diameter arowth, terminal bud 1,2,3,5
size, plant moisture stress, microsite
climatic variables, number of mycorrhizae.

III 1,2 Weekly heiaht arowth. annual heiaht 1,2,3,5
arowth, terminal bud size, plant moisture
stress, number of mycorrhizae, ambient
measures.

IV 2 Periodic measures of plant dimensional 1,3
variables includingl . and
phenological stages of flowering, fruiting.
etc., climatic variables.

V 3 Monthly counts of mvcorrhizal root tins 1,2,4
b, climatic variables, tree variables.

VI 5 Periodic collections of litter. nutrient 1,5
analwses, climatical variables.

VII 4 Periodic collections of foliage, nutrient 1,2,5
,analses, climatic variables.

*Underlined print designates response variables; others listed are
covariates which are also tested for independence of ELF EM field effects.
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Exnerimental Design And Electromagnetic Exrosure

At the outset of the project, it was known that the EM
fields associated with the ELF system would be different at
the antenna and ground locations. IITRI has measured 76 hz
electric field intensities at the antenna, ground, and control
sites since 1986 when antenna testing began and background 60
Hz field levels were measured at all sites in 1985. Three
types of EM fields are measured: magnetic (mG), longitudinal
(mV/m), and transverse (V/m) (Appendix A).

The experimental design is best described as a split plot
in space and time. Each site (control, antenna, and ground)
is subjected to a certain level of ELF field exposure and is
subdivided into two subunits (hardwood stands and red pine
plantations). These stand types comprise the treatments for
the second level of the design. Each stand type is replicated
three times on a site (where sites represent different levels
of ELF field exposure) to control variation in non-treatment
factors that may affect growth or health such as soil, stand
conditions and background and treatment EM field levels. The
time factor in the design is the number of years that an
experiment is conducted for baseline to treatment comparisons,
or the number of sampling periods in one season for year-to-
year comparisons. It is necessary to account for time in the
experimental design since successive measurements are made on
the same plots and individual trees over a long period of time
without re-randomization.

Each site follows this design with one exception. There
is no hardwood stand at the ground site because buffer strips
required to minimize 'edge effects' on plot borders would have
resulted in the stands being too distant from the ground for
significant exposure to ELF fields.

Analysis of Covariance

Our experimental design directly controls error in the
field through replications at the sites. Indirect, or
statistical control, can also increase precision and remove
potential sources of bias through the use of covariate
analysis. This analysis uses covariates which are related to
the variable of interest to remove the effects of an
environmental source of variation that would otherwise
contribute to experimental error. The covariate need not be a
direct causal agent of the variate, but merely reflect some
characteristic of the environment which also influences the
variate.

Covariates under examination vary for different response
variables (Table 2). Most analyses use ambient climatic
variables, such as air temperature, soil temperature, soil
moisture, precipitation, and relative humidity, as well as
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variables computed from these data, such as air temperature
degree days, soil temperature degree days and cumulative
precipitation. Depending on the response variable, microsite
factors are also considered. There are also factors that are
more specific to the variable; for example, covariates in the
analysis of red pine height growth include bud size, seedling
diameter, and total height of the seedling at the beginning of
the study in addition to ambient factors.

Testina for ELF EM Field Effects

From IITRI data, it is apparent that field intensities
are affected by vegetative and soil factors. Also, treatment
levels have not been uniform over time because of the various
testing phases prior to antenna operation. Since the antenna
was activated for low level testing throughout the growing
seasons of 1987 and 1988 and full power operation in late
1989, hypothesis testing examines differences in response
variables between these and previous years, and differences
between control, antenna and ground sites in 1987 through 1991
(or 1992 depending on the work element).

The most extensive comparisons are for yearly and site
within year differences. For all hypotheses, ambient and
other variables are used to explain site and year differences.
Comparisons between pre- and post-operational years are made,
as are comparisons of relationships between sites after
antenna activation, to determine whether antenna operation has
had a detectable effect on the response variables. For those
elements where analysis of covariance is used, we test to
insure that covariates are statistically independent of the EM
fields and then examine whether fields explain differences for
a particular response variable. If differences are apparent
in the modelling effort, correlation is used to determine
whether residuals from these analyses are related to ELF
fields.

Detection Limits and Statistical Power

Since each study has been peer reviewed through the
years, we feel that the biological basis of each is sound and
will contribute to the overall objective aimed at determining
whether forest productivity or health are affected by ELF EM
fields. But because of the variability inherent in ecosystem
level studies and the subtle perturbations expected from ELF
EM field exposure, a quantitative assessment of the level of
success and precision achieved by each of the studies in the
Upland Flora project is imperative. Two different measures
have been considered to make this evaluation, statistical
power and detection limits.
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Power is defined as the likelihood that a particular
statistical test will lead to rejecting the null hypothesis if
the null hypothesis is false. Exact calculation of power
requires knowledge of the alpha level (Type I Error),
parameters of the distribution of the variable of interest
under the null hypothesis and the specification of a given
alternative parameter value. In a t-test, for example, to
determine power one must know the alpha level (usually 0.05 in
the tests described here), the value of the test statistic
under the null hypothesis (zero if the test is to determine if
two means are different or not), and the degree of difference
in the means which is considered biologically important (such
as a ten-percent difference). The last value is the most
difficult for scientists to agree upon in ecological studies
because it is a matter of belief and judgement. Often,
quantitative knowledge of ecological relationships is poor and
scientists lack the perspective to determine whether a ten-
percent difference in a parameter is ecologically significant
but a five-percent difference is not. While it is possible to
calculate curves showing power for a number of alternative
hypotheses, one is still left with the question of how much of
a difference is important. An alternative procedure which
does not require the specification of this degree of
difference is to do an a posteriori calculation of the
detection limit.

The detection limit is the degree of difference which
leads to 50-percent chance of correctly rejecting the null
hypothesis (power) for a given alpha level. Use of the
detection limit allows an individual reader or reviewer to
evaluate the test in light of their own interpretation of what
degree of difference is ecologically important. The
calculation of detection limits is not exact since it is an a
posteriori test; it depends on the data used in the test
procedure and the procedure itself. In the tables presented
in this report, the detection limits were calculated using the
results from the analyses of covariance and the Student-
Newman-Keuls comparison of means procedure. The detection
limits are, therefor'e, usually conservative (larger than what
may be actually detectable) since additional statistical tests
which may be more sensitive to changes in system behavior,
such as those utilizing models of expected behavior, are also
being performed.

In surmmary, calculation of statistical power has the
advantage of being exact, but the disadvantage for ecological
studies of requiring one to specify a specific degree of
change that is considered important. The calculation of
detection limits has the advantage of not requiring the
specification of an alternative (power is fixed at 50
percent), but the disadvantage of being an a posteriori
calculation; therefore, it is not exact. It is our feeling
that the latter quantity, the detection limit, provides
information similar to statistical power, but is more suitable
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for ecological studies since specifications of an exact

alternative hypothesis is not required.

Work Elements

The various work elements of this project were
established to group similar tasks and analyses. Although
data from several work elements are often used to test a
single hypothesis, we retain the work element format in this
report to allow the reader to easily refer to details
presented in past annual reports. Each of the following
sections presents a synopsis of the rationale for study,
measures and analyses, and progress.

8.



Element 1: AMBIENT MONITORING

The growth and development of a forest community or an
individual in the community is directly related to the
environmental factors (natural and anthropogenic) which
influence the physical space that the community or individual
occupies. Any study which attempts to relate the development
of a population to any one of these factors must also
determine and screen out the effects of other independent
factors. Thus, the relationship between plant growth or
development and ambient vriables must be quantified .before
the effect of a single and potentially subtle factor, such as
the electromagnetic fields of the ELF antenna, can be
quantified (National Research Council, 1977).

Given the overall importance of ambient factors to the
Upland Flora Project, the objectives of this monitoring work
element are to:

1. evaluate the natural ambient differences between the
control site and the test sites.

2. evaluate the natural annual ambient changes of a
site over time to determine differences between pre-
operational and operational time periods.

3. select ambient variables which are independent of
ELF system effects which can be used to (1) build models
to predict community growth and development and (2)
supply ambient variables as covariates for community
growth and development analysis.

4. evaluate possible ELF system effects on non-
independent ambient variables detected through the
screening process in objective 3.

Accomplishing these objectives will not only document ambient
differences among sites and annual changes in these conditions
but also quantify ambient variables which can be employed in
the growth and development modeling in the various study
elements. An adequate database of ambient measurements will
insure a proper analysis of climatic and soil relationships to
other study components as discussed in the design section
dealing with covariate analysis. Accomplishment of the last
objective will give direct measurement of any ELF system
influences on such factors as solar radiation in the
understory or soil nutrient status that may be affected by
overstory biomass. The initiation and schedule of each phase
of the objectives are presented in Figure 1.1.

Work on the Upland Flora Project during the past eight
years has indicated that soil chemistry is important to the
project's growth modeling efforts. Thus comparisons of soil
chemical properties among sites and years are included in this
element. The ambient monitoring element is separated into two
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sections, climatic monitoring and nutrient monitoring, to

reflect the two distinct monitoring activities.

Climatic Monitorina

Sampling and Data Collection

System Conficuration

The climatic variables being measured in the study are
air temperature (30cm and 2m above the ground), soil
temperature and soil moisture at depths of 5 and 10 cm, global
solar radiation, relative humidity, photosynthetically active
radiation (PAR), and precipitation. The configuration and
placement of the sensors at the study sites have been
presented in Appendix B (Table 1) of the 1985 Herbaceous Plant
Cover and Tree Studies Project annual report (Mroz et al.
1986).

Due to the location of the precipitation and global solar
radiation sensors measurements of these variables are
considered to be independent of possible ecological changes
caused by ELF electromagnetic fields. Locations of the air
temperature, soil temperature, soil moisture, air temperature
(30 cm above the ground), relative humidity, and PAR (30 cm
above the ground) sensors are such that they would be altered
by ecological changes related to stand characteristics and
thus to possible ELF electromagnetic fields effects.

Air. temperature, soil temperature, PAR, and relative
humidity are measured every 30 minutes by a Handar, Inc.
ambient monitoring platform. Global solar radiation is
measured every 60 minutes, soil moisture is sampled every 3
hours, and precipitation monitored continuously. A
microprocessor on the ambient system calculates three hour
averages or totals for the appropriate climatic variables.
These averages and totals as well as the soil moisture and
global solar radiation measurements are transmitted to the
GOES East satellite every three hours and relayed to Camp
Springs, Virginia. The data are transferred from Camp
Springs to an IBM PC at MTU nightly.

Soil moisture subsampling procedures are performed at
each site in order to more accurately measure soil moisture
content over the entire area of each plot. Twenty cores are
randomly taken from each plot at each site once a month.
Moisture content for each depth (5 cm and 10 cm) is determined
gravimetrically from a composite of the cores from a plot.
These moisture contents are considered to represent the
average moisture content for a given plot for the day of core
sampling.

Differences between the soil moisture content calculated
from the cores and measurements from the soil moisture sensors
for a given plot and day of core collection are used as an

11.



adjustment for the soil moisture readings for each plot over a
monthly time interval. To eliminate any abrupt changes in
estimated soil moisture contents between consecutive months
which would ' attributed to the monthly adjustment, the
weighting equation (1.1) is used to determine the actual
monthly soil moisture sensor adjustments. The equation's
adjustments for a given month are weighted more heavily to the
month of adjustment.

Equation 1.1 Monthly adjustment for a specific plot

(CSM(M-1)-PSM(M-1))+2*(CSM(M)-PSM(M))+(CSM(M+÷)-PSM(M+1))

4

CSX = Core Soil Moisture X = Month of X+1 = Following
from the plot Adjustment Month

POX = Probe Soil Moisture X-I = Previous
from the plot Month

As stated in the 1986 Herbaceous Plant Cover and Tree
Studies Annual Report, 1985 soil moisture measurements could
not be used in any analyses (Mroz et al. 1987). Thus the 1992
measurements were only the seventh full year of soil moisture
measurement.

Svstem Maintenance and Performance

The performance of the climatic monitoring system in 1988
was enhanced by the installation of lightning protection
equipment at the sites through a cooperative effort between
KM and IITRI. Performance of the system since the
installation of this equipment has improved dramatically.
Downtime of the systems have been virtually eliminated by
these improvements.

Data Manaaement

Daily averages or totals, maximums, and minimums are
computed for each sensor using all 3 hour measurements
(eight/day) transmitted by the platforms. If less than six
transmissions are received in a day for an air temperature,
relative humidity, or solar radiation sensor daily statistics
for that sensor are not calculated. Due to the smaller
diurnal variability in soil temperature and soil moisture the
transmission limits for calculation of daily statistics for
these sensors are four and two transmissions respectively.
Weekly and monthly averages or totals are then computed from
these summaries.

Weekly or seven day summaries comprise the basic climatic
unit used by the tree productivity study (element 2). One

12.



summary generated from the climatic information is adjusted to
correspond to the weekly measurements of tree diameter or
height. For example if red pine height growth and hardwood
tree diameter growth was determined for the seven days from
May 9 through May 15, weekly ambient summaries are also
calculated for these same seven days. This insures a
consistent relationship between tree productivity measurements
and climatic measurement summaries. Weekly averages are
considered missing and not calculated if less than four daily
averages are computed from a sensor for a given seven day
period. Daily climatic information is summarized in the same
manner to correspond to sampling periods in each of the other
project elements.

Monthly averages and totals are the basic unit used for
site and year comparisons in this study element. Weekly
averages and totals corresponding to seven day periods in a
month are calculated from the daily climatic averages and
totals (Table 1.1). These weeks are used as repeated
replicate samples for each plot during each month during the
growing season (refer to analysis section).

Table 1.1. Ezample of weekly units.

Date Week

May 1-7 1
May 8-14 2
May 15-21 3
May 22-30 4

Missina Data Renlacement

It As the result of platform and sensor downtime in the past
eight years, daily climatic averages or totals are estimated
for days in which specific ambient observations are missing.
Four hierarchical criteria and methods are used to replace the
missing data. The criteria are:

1) Daily averages missing from one or two plots from a
stand type of an individual site are estimated using an
average of the daily summaries from the functional plots
at the same stand type and site.

2) Missing daily plot averages from adjacent sites
(ground and antenna) are replaced by the stand type
averages from the plantation on the adjacent site if 1)
there are no significant differences between the two
sites 2) there are no significant differences among plots
within sites for the variable of interest. Only
precipitation has met these criteria on the ground and
antenna sites in the past eight years.
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3) Missing daily plot averages from the ground or
antenna site not estimated by the methods outlined in
criteria 2 are predicted using regression equations.
These equations are fitted using observed data from the
missing sensor, plot, and site combination as the
dependent variable and the observed average daily
measurements from the plantation at the adjacent site as
the independent variable.

4) Missing plot daily average air temperatures,
relative humidity, and total daily precipitation at the
control site are estimated from regression equations
fitted to individual observed plot averages or totals and
daily observations at the Crystal Falls C#200601 weather
station. This weather station is located within 9 km of
the control site and is operated by the Michigan
Department of Natural Resourcas in Crystal Falls.
Missing average daily soil temperatures are estimated
using regression equations fitted to stand type daily
averages of air temperature at the site.

Using these techniques 95% of the missing daily averages
or totals can usually be replaced. Regression equations used
in the data replacement along with the related regression
statistics for 1985-91 have been presented in previous
Herbaceous Plant Cover and Tree Studies annual reports. The
1992 equations are presented in Appendix B (Table 1) of this
report. Improved performance of the ambient system in the
past years has eliminated any long term use of these data
replacement methods. In 1992 criteria 3 was only used to
estimate 5-7 days of missing data at the antenna site during
system startup in early April and May. Relative humidity and
precipitation was also estimated at the control using criteria
4.

Estimates of climatic measurements obtained from criteria
1-4 are used throughout the project. Coefficients of
determination as well as confidence intervals for the
equations are well within acceptable limits. It is felt that
the missing data replacement methods give unbiased and
accurate estimates of climatic measurements and thus the
variables are used in the statistical analyses in the various
elements.

Data AnalvmiR

Comparisons of site and time differences of the ambient
variables generally follow a split-plot in space and time
experimental design (Table 1.2). Since plot locations at one
site are not related to plot locations at another site, plots
are nested within sites. This nesting gives a more sensitive
test of main factor effects.

14.



The design through partitioning of variability into a
number of factors (site, year, stand type etc.) and associated
interactions allow a number of hypotheses to be tested. For
example the site factor allows testing differences in climate
between sites and year factors can qu.antify annual changes in
climate. To determine if ELF fields are affecting ambient
variables at the test sites site by year, site by stand type,
and site by stand type by year interactions are used to
determine if the relationship of a given ambient variable
changes between the stand types or the control and test sites
over time. These interaction terms can be used to quantify
ELF field effects on climate by relating any temporal changes
in climate to antenna preoperational and operational phases.

As mentioned previously weekly sunmaries are the basic
unit used for statistical analysis in the element. We
consider these weeks as a repeated measure on a given climatic
variable. Repeated measures are multiple observations on a
specific experimental unit or (in the case of climatic
measurements) a specific three dimensional area. Since the
observations are made on the same unit they are not
independent of each other. Therefore weeks are nested in plots
in the design (Table 1.2).

Comparison of ambient variables among sites, years,
months, etc. were made using analysis of variance tests.
Differences between specific months, years, sites, etc. were
made using the Student-Newmen-Keuls (SNK) multiple range test
if tests with analysis of variance indicated significant
differences for the appropriate factor. Detection limits for
each variable were also calculated using this multiple range
test. All factors were tested at Q=0.05 for the ANOVA and SNK
tests.

Analysis of ambient variables, which are only measured on
a site level, year level, or on only one stand type, involved
only a portion of the experimental design. Analysis of
precipitation amounts involved site and year factors only
because one sensor is located at each of the plantations.
dince the ground site does not have a hardwood stand type
associated with it, analyses were performed for the control
vs. ground site and the control vs. antenna site separately
with stand type dropped from the analysis for the control vs.
ground site comparisons.

This year concludes the ninth full year of data
collection by the ambient monitoring system (1985-1993) and
the fifth year during full power operation of the ELF antenna
(1989-1993). This year's report includes summaries and
statistical analysis of the climatic information through 1992

15.



Table 1.2. General analysis of variance of Elemnt 1.

Source of Sun of Mean
£MzA&M Eim&AAa Z-ZIo

SI SS(S) MS(S) MS(S)/MS(El)
PL w SI (Error 1) SS(Ej) MS(EI) MS(El)/MS(E2)
WK w PL w SI (Error 2) SS(E2 ) MS(E2)

YR S5(Y) MS(Y) MS (Y) /MS (E3 )
YR x SI SS(YS) MS(YS) MS(YS)/MS(E3 )
YR x PLwSI (Error 3) SS(E 3) MS(E3 ) MS(E3)/MS(E4)
YR x WKWPLwSI (Error 4) SS(E4) MS(E4 )

ST SS(T) MS(T) MS(T)/MS(E5)
ST x SI SS(TS) MS(ST) MS(ST)/MS(E5)
ST x PLwSI (Error 5) SS(E 5) MS(E5) MS(E5)/MS(E6)
ST x WKwPLwSI (Error 6) SS(E 6) MS(E6)

MO SS(M MS(M) MS(M)/MS(E7)
MO xSI SS(MS) MS(145) MS(M5)/MS(E7 )
MO x PLwSI (Error 7) SS(E7 ) MS(E-7) MS(E7 )/MS(E8 )
MO x WKwPLwSI (Error 8) SS(E8) MS(E8 )

YR xMO SS(YM) MS(YM) MS(YM)/MS(E 9 )
YR xMO xSI SS(YMS) MS(YMS) MS(YMS)/MS(Eg)
YR x MO x PLwSI (Error 9) SS(E9 ) MS(Eg) MS(Eg)/MS(Ej0 )
YR x MO x WKwPLwSI(Error 10) SS(E10) MS(E10)

YR x ST SS(YT) MS(YT) MS(YT)/MS(Ell)
YR x ST x SI SS(YTS) MS(YTS) MS(YTS)/MS(Ell)
YR x ST x SI (Error 11) SS(Ell) MS(Ell) MS(Ell)/MS(El2)
1¶R x ST x SI x WKwPLwSI(Error 12) SS(El2 )

ST xMO SSCIT4) MS(Th) MS(TM)/MS(E13)
ST xMO xSI SS(TMS) MS(TMS) MS(TXS)/MS(E13)
ST x MO x PLwSI (Error 13) SS(E 13 ) MS(El3) MS(El3 )/MS(E1 4)
ST x MO x IIKWPLwSI (Error 14) SS(El4 ) MS(E14)

YR x ST x NO x SI SS(YTMS) MS(YTMS) MS(YTMS)/MS(El5)
YR x ST x NO x PLwSI (Error 15) SS(Ej5) MS(El5 ) MS(ElS)/MS(El6)
YR x ST x NO x WKWPLwSI (Error 16) SS(E16) MS(El6 )

Site = SI, S Within=w
Stand Type = ST, T Byax

Year = YR. Y
Month a NO, M
Plot z PL
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including tests to determine whether the ambient variables are
related to the electromagnetic fields which have been measured
at the sites during 1985-1992. The objective of this effort
is to determine if ambient and climatic factors are correlated
to the EM field strengths at the sites. Significant
correlations between these fields and the ambient variables
would suggest that either a mechanistic or coincidental
relationship exists between the measured ambient variables and
ELF antenna operation. Regardless of the actual cause for
such a relationship, it is important to determine which
variables are independent and which are either affected by or
confounded with ELF antenna operation. Variables which are
related to ELF fields do not meet the assumptions of
independence that is necessary for inclusions as covariates in
the statistical designs.

Relationships between ambient measurements and the ELF
fields are determined using Pearson Product Moment Correlation
Coefficients. Ambient measurements used for the correlations
are the growing season averages or totals for each plot and
site used for ANOVA analyses in this element. Mean maximum
magnetic flux densities (76hz) for each plot are determined by
integrating the point equations for this field (Appendix A,
Figures 1 & 2) over the area of each plot individually for
each year of measurement (Table 1). Mean longitudinal 76 hz
fields (Appendix A Table 1 ) for each plot and year at the
ground and antenna sites are determined from on site
measurements and isocline maps (Appendix A, Mroz et. al.
1991). For the control site these values are determined by
integrating the longitudinal field point equation (Appendix A,
Figure 3) over the area of each plot (Appendix A, Table 1).
The electromagnetic measurements chosen for the correlations
are the 76 Hz magnetic flux and 76 Hz loagitudinal electric
fields during the EW leg operation.

Air Temperature (2m above the around)

Air temperature has a substantial influence on plant
physiological processes such as photosynthesis, cell division,
and elongation, chlorophyll synthesis, and enzymatic activity
(Kramer and Kozlowski 1979). For any individual species given
a specific period during the growing season, optimal net
photosynthesis is associated with a specific range of
temperatures (Waring and Schlesinger 1985). Thus differences
in air temperature between the control and test sites or among
study years could have significant effects on vegetation
growth and development.

Site Comparisons: Average growing season air temperature
during 1985-1992 was 0.7 and 0.9 oC warmer at the control
plantation than at the antenna and ground plantations
respectively (Table 1.3). Average air temperature during this
same period was 0.8 0 C warmer at the control hardwoods than at
the antenna hardwoods (Table 1.3). ANOVA tests showed
significantly higher temperatures at the control compared to

17.



Table 1.3 Comparison of mean air temperature (OC) 2 a above
ground during the 1985-92 growing seasons (April-
Oct.).

Plantation

Control- Control-
Xm han md&MA

1985 11.4 11.5 11.9 0.5 0.4
1986 11.9 12.1 12.7 0.8 0.6
1987 12.7 12.9 13.6 0.9 0.7
1988 12.3 12.9 13.8 1.5 0.9
1989 11.8 12.1 13.2 1.4 1.1
1990 11.4 11.7 12.3 0.9 0.6
1991 12.6 12.7 13.2 0.6 0.5
1992 10.4 10.7 11.3 0.9 0.6
Ave. 11.8 12.0 12.7 0.9 0.7

Hardwoods
1985 11.4 12.3 0.9
1986 12.0 12.9 0.9
1987 12.7 13.5 0.8
1988 12.5 13.3 0.8
1989 11.8 12.5 0.7
1990 11.5 12.3 0.8
1991 12.5 13.1 0.6
1992 10.7 11.4 0.7
Ave. 11.9 12.7 0.8

1985-1992 UM DAILY AIR T MPZATURE (C0 )
Bite C•naxalannu

Control Ground
12.7 a 11.8 b
Control Antenna
12.7 a 12.0 b
A-nual Cinnaziuonm

Control & Ground Control & Antenna
1985 11.7 c 11.8 e
1986 12.3 b 12.4 c
1987 13.1 a 13.2 a
1988 13.1 a 13.1 a
1989 12.5 b 12.4 c
1990 11.9 c 12.0 d
1991 12.9 a 12.9 b
1992 10.8 d 11.0 f

1 Sites or years with the same letters for a specific site
combination not significantly different at p=0.05
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the ground site (p=.002) and control compared to the antenna
site (p<.001).

Annual Comparisons: Mean average air temperatures during
the growing seasons of 1987 and 1988 were warmer than in any
other year of the study. Average air temperature during 1992
were 2.0 to 2.1 degrees cooler than in 1987 or 1988. ANOVA
tests showed significant differences in average growing season
air temperatures among years for the control-ground
comparisons (p<.001) and the control-antenna comparisons
(p<.001). Multiple range tests ranked annual growing season
air temperatures for the control and ground as follows (Table
1.3): 1988=1987=1991>1989=1986>1990=1985>1992. Ranking of the
temperatures at the control and antenna sites were as follows
(Table 1.3):1988=1987>1991>1989=1986>1990>1985>1991.

Site by Year Comparisons: ANOVA test again in 1992
indicated significant site by year interactions for the
control vs. ground (p=0.045) comparisons but not the control
vs. antenna comparisons (p=0.3 7 7 ). Figure 1.2 shows the mean
air temperature at the control and ground plantations and the
differences in air temperature between these two plantations
during the 1985-1992 growing seasons. Differences in air
temperature between the two sites increased from a low in 1985
of 0.5 0 C to a high of 1.5 oC in 1988. Starting in 1989 these
differences have been decreasing and in 1991 the control
plantation was only 0.60C warmer than the ground plantation
(Table 1.3). Differences in air temperature at the control
and antenna plantations show a similar trend (Figure 1.3 &
Table 1.3) during these years but the magnitude of the changes
were less than those observed for the control and ground
plantation comparison. Differences in air temperature between
the control and antenna hardwoods in contrast to the
plantations have remained extremely stable (0.60 and 0.90C)
during the eight year study period (Figure 1.4). However,
site by stand type by year interactions have not been found to
significantly differ (p=.260) for the control antenna
comparison.

Comparisons of the average air temperature in the
plantation and hardwoods at the control and antenna sites,
during 1985-1992, revealed that differences in air
temperatures between these two stand types increased beginning
in 1987 (Figure 1.5). Differences in temperatures between the
two stand types were significant (p_.05) in 1988 and 1989 with
the plantations being warmer than the hardwoods but by 1990
differences again were not significant. In previous reports
(Mroz et al. 1990, Mroz et al. 1991, Mroz et al. 1992) the
increased temperatures of the plantations compared to the
hardwood stands and the increased temperatures of the control
plantation compared to the test plantations have been shown to
be a related to the height growth of the red pine in the
plantations. As the canopy of the red pine approachedthe

19.



Figure 1.2
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height of the air temperature sensors in the plantations, air
temperatures were found to increase in the plantations
relative to the hardwood stands (Figure 1.5). Air temperature
at the control plantation, which has had the greatest height
growth, increased to a greater extent than the air temperature
at the test plantations. The decreased differences in the
temperature between the two stand types (Figure 1.5) and the
decreased differences in the temperatures between the control
and test plantations from 1990 to 1992 suggests that either,
1) the canopies of the red pine at the control site are
beginning to grow above the sensor level and thus their impact
on air temperature in relation to 1988 and 1989 plantation
conditions has been minimized and/or, 2) the height of the
canopy at the test plantations has increased to such an extent
that at this time effects of the test plantation canopies on
air temperature are similar to the effects of the control
plantation canopies on air temperature.

Comparisons of air temperature at the control plantation
and hardwoods, shows that at least at this site the effect of
the red pine canopy on air temperature has diminished since
1989 (Figure 1.6) and may not be altering the temperature at
the plantation as of 1992. This can be seen by comparing the
average growing season temperature in the control plantation
and hardwoods. During 1985-1986 average air temperature was
greater in the hardwoods than the plantation (Figure 1.6). In
the years from 1987 to 1991 air temperature in the plantation
was greater or equal to the air temperatures observed in the
hardwoods. However in 1992 average air temperature was again
greater in the hardwoods than in the plantation.

In order to further evaluate the effects of the red pine
canopy on plantation temperatures, the average air temperature
difference between the control and each test plantation was
computed using the 1985 and 1986 observations. This was
considered to be the normal difference in air temperature
(NDAT) among sites before the alteration by the planted trees.
A departure from this normal air temperature difference
(DNDAT) was then computed by subtracting the NDAT from the
observed air temperature differences (Table 1.3) for each year
of the study. The percentage of permanently marked red pine
with total heights between 1.25 and 2.75 m (Element 2) were
then determined for the plantation of each site and year of
the study. This height interval was considered to be the tree
height at which the canopy would have its greatest effect on
air temperature at the 2 m sensor height. Differences between
the percentage of the permanently marked trees in this height
interval (DPMT%) for control and each test site (ex. Control-
Ground) were determined. The DNDAT and DPMT% were plotted for
each year of the study.

These values for the control and ground sites (Figure
1.7) show a direct relationship between the differences in air
temperature and differences in the percentage of trees in the
designated height class. In 1988 and 1989 DNDAT averaged
approximately 0.8 0 C and the DPMT% was between 25 and 30%.
The reduction in the differences in air temperature between
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14.5

Air Temperature Control Plantation and Hardwoods

13.5 . .. .. .. .. .. . . ..---.- - .....-- ..- ..- ..- ...-.-- - - - ---

Plantatfon Air Temperature-Hardwoods Air Tempertre

0.0

I I I 0.5
186 1186 1987 19 1gig 1990 1991 1992

Years

-4- Plntami -- -- Hardwoods

Figure 1.7

1.0- DMATD & OPMT% FOR THE

CONTROL vs. GROUND PLANTATION
S-. - - - - -400.0%

60.0%

• " &

0.6 . . . . . . . .. ' .. . . . ,". . . . . . . . . .O.A

A S

-0.4 ' -40.0%
19"S 1946 loll 1IM 91 1990 110 11

YEAR

0 -I -OIT% -A -• NDAT ]

23.

0• " . 0. 0.0%m I I



the control and ground plantations in 1990-1992 is related to
the reduced differences in the percentage of trees in the
specific height interval. In 1990 the control plantation had
only 10% more of the marked red pine trees within the 1.25 to
2.75 m height interval than the ground plantation and
consequently the DNATD was reduced to 0.2 oC. During 1991 and
1992 the ground had a greater portion of the red pine (15-32%)
within the specified height interval than the control and thus
the differences in air temperature between sites were less or
similar to NDAT established from the 1985-1986 average
temperatures. A similar relationship was found when comparing
data from the control and antenna sites. These results
support the conclusion that the red pine canopy has altered
the air temperature at the 2m sensor height and that the
differing growth rates at the sites have contributed to the
annual variation in air temperature between the control and
test plantations. The effects of the canopy on air
temperature has been reduced in the plantation as the canopies
over topped the air temperature sensors.

Summary: As in previous years analyses, air temperature
at the control site was found to be significantly higher than
at the test sites. The consistently higher temperatures at
both stand types at the control indicates that differences in
air temperatures among sites are to a great extent related to
differences in regional climate or local topography among
sites. This is most evident in the hardwood stands where
differences in air temperature between the control and antenna
sites have remained between 0.6 and 0.90C over the eight year
period. However, differences between air temperatures in the
control and test plantations have varied with differences
increasing from 1986 to 1989 and then decreasing there after.
These changes in air temperature are related to the influence
of the planted red pine on air temperature at the 2m sensor
height and the differences in the height growth of the red
pine among sites.

At this time there has been no direct evidence to
conclude that the ELF antenna operation has altered the air
temperature at the test sites. This is clearly evident when
comparing the hardwood stands where air temperature
differences have remained stable. However, in the plantations
the annual variation at a given site and between control and
test sites has been altered by the increasing height of the
plantation red pine and the differences in red pine height
growth among sites. Although there is evidence that height
growth has been increased by antenna operation (Element 2), it
is likely that the increase in height growth at the test sites
was not of a significant magnitude to alter changes in
temperature related to the inherent differences in tree
productivity between the control and test sites.

Soil Temperature
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Soil temperature like air temperature has a direct
influence on plant physiological processes such as cell
division and elongation. However soil temperature also
indirectly influences plant growth by affecting permeability
of roots and thus --,ter uptake (Kramer 1983), biological
decomposition and availability of nutrients (Brady 1974).
Climatic conditions or stand characteristics such as
insolation, air temperature, and precipitation as well as soil
characteristics are the main factors controlling soil
temperatures. Thus possible changes in vegetation or soil
properties (organic matter content etc.) due to ELF antenna
operation could have a major effect on soil temperature.
These effects would appear to be more dramatic in the hardwood
stands where microclimate is influenced to greater degree by
vegetation than it is in the younger plantation stands.

Soil Temperature (depth of 5 cm)

Site Comparisons: Differences in mean soil temperatures
(5cm) at the control and test plantations during the growing
season have been less or equal to 0.50C during each year of
the study except 1989. The mean daily soil temperature (5 cm)
during the growing season at the control was consistently
warmer than or equal to the soil temperature at the ground
plantation during each year of the study. However, during a
number of years, soil temperatures (5cm) were cooler at the
control than at the antenna plantation (Table 1.4). Unlike
the plantations, soil temperatures in the control hardwoods
were consistently warmer than in the antenna hardwoods each
year of the study. The consistently warmer soil temperatures
in the control hardwoods and the stability in the differences
in soil temperatures between the two sites in the hardwoods,
reflects l)the higher air temperatures at the control compared
to the antenna site and 2) relative stable canopy cover of
this stand type during the study period. No significant
differences in soil temperatures (5cm) were found between the
control and ground sites (p=0.336) or the control and
antenna sites (p=0.189) indicating that observed differences
in soil temperature among sites is not greater than the
spatial variation in soil temperature (5 cm) within sites.

Annual Comparisons: Annual variation in mean growing
season soil temperatures (5 cm) during 1985-1992 were 2.4 0C
for the control vs. ground comparisons and 2.3 oC for the
control vs. antenna comparison. These ranges are 75 to 100%
greater than were reported last year due to the low soil
temperatures observed in 1992. Soil temperatures in the
plantations were at least 0.9 to 1.6 oC cooler than in any
prior year. The reduced soil temperature in the plantations
during 1992 reflect not only the reduced air temperatures
which occurred last year but also the decreased insolation
associated with the increased leaf area and litter layer of
the aggrading plantations. Annual differences in soil
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Table 1.4 comparison of mean soil temperature (oC) at a depth
of 5 ca during the 1985-92 growing seasons (April-
Oct.).

Plantation

Control- Control-
9 M amm cant= 2 d AUSMA

1985 12.5 12.9 12.5 0.0 -0.4
1986 13.3 13.5 13.5 0.2 0.0
1987 13.4 13.7 13.6 0.2 -0.1
1988 13.2 13.5 13.7 0.5 0.2
1989 12.3 12.6 13.2 0.9 0.6
1990 12.2 12.7 12.6 0.4 -0.1
1991 12.5 12.6 12.6 0.1 0.0
1992 11.4 11.0 11.0 0.4 0.0
Ave. 12.6 12.8 12.8 0.2 0.0

Hardwoods

1985 10.1 10.8 0.7
1986 11.2 11.7 0.5
1987 11.8 12.3 0.5
1988 11.2 11.6 0.4
1989 10.6 11.1 0.7
1990 10.7 11.1 0.4
1991 10.9 11.6 0.5
1992 9.8 10.7 0.9
Ave. 10.8 11.4 0.6

1985-92 NN DAZLY SOIL TUMWPRATURR (5cm) CO
Site Comparison

Control Ground
12.8 a 12.6 a

Control Antenna
12.1 a 12.6 a

Annual Comparison
Control & Ground Control & Antenna

1985 12.5 b 11.6 d
1986 13.4 a 12.5 b
1987 13.6 a 12.9 a
1988 13.5 a 12.5 b
1989 12.7 b 11.9 c
1990 12.4 b 11.8 cd
1991 12.6 b 11.9 c
1992 11.2 c 10.6 e

1 Sites or years with the same letters for a specific site
combination not significantly different at p=0.05
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temperature (5 cm) were significant (p=<.001) for both
comparisons. Multiple range tests showed soil temperatures
(5cm) during 1986-1988 to be greater than the remaining five
study years. Soil temperatures during 1.992 were significantly
lower than in all prior years (Table 1.4).

Site by Year Comparisons: Site by year interactions were
not significant for the control vs. antenna comparison
(p=0.574) but this interaction was significant for the control
vs. ground comparison (p=0.022). Soil temperatures (5 cm)
were significantly higher in 1989 at the control than at the
ground comparison but differences among sites for the other
years were not significant (p=0.05). Differences between the
control and ground site appeared to be the greatest during the
years when differences in air temperature between these two
sites were the greatest, indicating a link between air
temperature at the plantations and differences in soil
temperature. As noted previously, the soil temperature (5 cm)
at the control hardwoods have been consistently warmer than at
the antenna hardwoods during each year of the study, while
soil temperatures (5 cm) at the control and antenna
plantations have not differed. As a result site by stand type
interactions were significant (p=.045) for the first time
during the study. However site by stand type by year
interactions were not significant (p=.794)

Soil Temperature (depth 10 cm)

Site Comparisons: Average soil temperatures (10 cm) at
the control site were within 0.7 oC and 1.5 oC of the antenna
average soil temperatures (10 cm) at the test site plantations
and hardwoods respectively during the entire study period
(Table 1.5). As in previous years soil temperature (10 cm)
was not significantly different between the control and ground
'(p=.626) or the control and antenna sites (p=.101).

Annual Comparisons: ANOVA tests indicated significant
differences (p<.001) in soil temperature (10 cm) for all site
comparisons. Rankings of annual soil temperature at a depth
of 10cm were similar to rankings of annual soil temperature at
a depth of 5cm. For both site comparisons 1986-1988
temperatures were significantly greater than 1985 or 1989-1992
temperatures and 1992 soil temperatures were the coldest
during the entire study period (Table 1.5).

Site by Year Comparisons: Site by year interactions were
not significant for either the control vs. ground (p=0.193) or
the control vs. antenna (p=0.140) comparisons. Site by stand
type interactions were not significant (p=.073) but site by
stand type by year interactions were significant (p=.007).
Figure 1.8 shows soil temperature (10cm) in the plantation and
hardwoods of the control and antenna sites as well as the

27.



Table 1.5 Coaiparison of 50il temperature (10 cm) during the
1985-92 growing seasons (April-Oct.).

Plantation

Control- Control-
2und A X -

1985 12.2 12.6 12.4 0.2 -0.2
1986 13.0 13.4 13.3 0.3 -0.1
1987 13.2 13.5 13.6 0.4 0.1
1988 13.3 13.2 13.2 -0.1 0.0
1989 12.0 12.5 12.7 0.7 0.2
1990 11.7 12.4 11.9 0.2 -0.5
1991 12.3 12.4 12.0 0.2 0.0
1992 10.9 11.1 10.7 -0.2 -0.4
Ave. 12.3 12.6 12.5 0.2 -0.1

Hardwoods
1985 10.1 10.7 0.6
1986 10.9 11.4 0.5
1987 11.7 11.5 -0.2
1988 11.0 11.3 0.3
1989 10.3 10.9 0.6
1990 10.4 10.9 0.5
1991 10.7 11.6 0.9
1992 9.2 10.7 1.5
AVe. 10.5 11.1 0.6

1985-92 MAN DAILY SOIL TUPXRATURZ (10CK) CO

Site Comparison

Control Ground
12.5 a 12.3 a
Control Antenna
11.8 a 11.6 a

Annual Comparison

Control & Ground Control & Antenna
1985 12.3 b 11.4 c
1986 13.1 a 12.3 b
1987 13.4 a 12.6 a
1988 13.3 a 12.2 b
1989 12.3 b 11.6 c
1990 11.8 c 11.4 c
1991 12.1 bc 11.7 c
1992 10.8 d 10.4 d

1 Sites or years with the same letters for a specific site
combination are not significantly different at p=0.05
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results from the multiple range test. During 1985-1990
differences in soil temperature (10cm) between sites for a
given stand type and year were not significant (p=.05, Figure
1.8). However beginning 1991 soil temperature in the control
hardwoods was significantly higher than in the antenna
hardwoods. Also during 1991 and 1992 soil temperatures at
this depth were not significantly greater (p=.05) in the
plantations than in the control hardwoods.

Similar changes in soil temperatures at a depth of 5cm
were also evident (Figure 1.9) although site by stand type by
year interactions were not significant. The most obvious
similarity between the temperatures at the two depths was the
decrease in soil temperature in the plantations compared to
the hardwoods in 1991 and 1992. This decrease is a result of
the increased amount of leaf area, the development of a
relatively uniform forest floor, and the accompanying
decreased insolation in the aggrading plantations.
Differences between the soil temperatures at the control and
antenna hardwoods at this depth also increased in 1991 and
1992. However, this increase was of a smaller magnitude than
the increases observed at a depth of 10cm.

To a great extent the annual variation in soil
temperature (10 cm) in the hardwoods is caused by the annual
variation in air temperature (Figure 1.10). Prior to 1990,
increased or decreased air temperatures at the hardwoods
resulted in similar increases or decreases in soil
temperatures with soil temperatures consistently being lower
than the air temperatures. In 1990 air temperature decreases
resulted in little change in soil temperatures. This lack of
reduction in soil temperature was caused by a decrease in leaf
area, as indicated by a 25% reduction in foliar litter weight
during 1990 (Mroz et al. 1992). The reduction in foliage
resulted in an increase in insolation and thus a higher soil
temperature than expected given the air temperature during the
growing season. During 1991 air temperature increased in the
bontrol hardwoods (Figure 1.10) and again so did soil
temperature (10cm). Although increases in average growing
season air temperature at the antenna site from 1990 to 1991
were similar to those found at the control site, increases in
soil temperatu: e (10cm) at the antenna were 0.4 oC less than
the increases at the control hardwoods. In 1992 air
temperature during the growing season decreased by 0.8 0 C and
0.90C from 1991 levels at the antenna and control hardwoods
respectively. However soil temperatures decreased from 1991
levels by 1.5 oC at the antenna and 0.9 0 C at the control site.

Differences in the relationship between air temperature
and soil temperature (10cm) for each of the hardwood stands
are presented in Figure 1.11. Below normal differences in air
temperature and soil temperature at the control site (1992)
and above normal differences at the antenna site (1991-1992)
correspond to the increased differences in soil temperature
(10cm) between the two sites (Figure 1.11). The change in the
air temperature-soil temperature relationship at the control
is more readily explained than the change at the antenna site.
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Figure 1.10
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In 1991 31 trees died or failed to leaf out at the control as
compared to two trees at the antenna site. In 1992 another
six trees were killed and six heavily damaged by a severe
windstorm (Mroz et al. 1993). This mortality appears to have
reduced the amount of foliage in the canopy of the control
site. In 1992 less foliar litter was collected at the control
site in comparison to the antenna site than in any year of the
study (Element 5). This reduction in foliage and thus leaf
area would increase insolation within the stand thereby
increasing soil temperatures relative to air temperature.
Although the reduction in leaf biomass is evident from the
litter collections, PAR (30cm) was not found to increase at
the one sensor location in the control hardwood stand during
1991 or 1992 (refer to this element). The localized mortality
and the limited number of PAR sensors has no doubt contributed
to the lack of measured change in PAR with reduction in leaf
area at this site.

Although the increased tree mortality and corresponding
reduction in canopy foliage can explain the alteration in the
relationships of air and soil temperature at the control,
amounts of foliar litter collected at the antenna site during
1991 and 1992, although above the 1984-1992 average, were
within the range collected prior to 1991. Thus reductions in
soil temperature at this site do not appear to be related to
foliar production. Soil moisture content at depths of 5 and
10cm were also well within the ranges observed prior to 1991.

It is possible that specific leaf area at the antenna
site could have increased there by decreasing insolation
without altering foliage production or litter weights at this
site. Comparisons of PAR between the sites do not appear to
indicate a change in leaf area. However, from this one sensor
it is impossible to determine if this alteration of leaf
morphology has occurred or whether it is responsible for the
changes in soil temperature without more specific measurements
of leaf area.

Summary: ANOVA tests showed significant (p=0.022) soil
temperature (5cm) site by year interactions for the control
vs. ground comparisons. Significant site by stand type by
year interactions (p=0.007) were also evident for the control
vs. antenna comparisons of soil temperature (10cm).
Comparison of soil temperatures (5cm) at the control and
ground plantations did not indicate any ELF effect. The
significant site by stand type by year interactions for the
control and antenna sites were a result of increases in soil
temperature at the control hardwoods and decreases in the
antenna hardwoods. The increased temperatures at the control
appear to be related to natural mortality of trees from
drought and wind storms. We were not able to find any
specific environmental or biological reason which explains the
alteration in soil temperature at the antenna site.
Alteration in leaf morphology (specific leaf area) could
explain the changes in temperature at the antenna. However,
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links between the changes in temperature and this
characteristic is only speculation at this time.

Currently there is no evidence to suggest that ELF fields
have directly or indirectly altered the soil temperature in
either of the test sites. However, the decreased soil
temperature (10cm) at the antenna stand in 1991-1992 is still
unexplained. The final year of field measurements should be
able to determine if the trend of decreasing soil temperature
at the antenna hardwood site continues, is stabilizing, or is
reversed.

Soil Moisture

The amount and availability of water is a key factor in
determining forest site productivity. The importance of water
to plant growth should not be underestimated since almost all
plant processes are influenced by the supply of water (Kramer
1983). Water in the soil is the primary media for
transportation of nutrients within plants and is a reagent in
photosynthesis. Apical and radial growth of trees have been
shown to be highly correlated to soil water supplies (Zahner
1968).

Soil moisture is measured in the field and expressed as a
percent of the dry soil weight at a given depth. Although
moisture content gives a valuable measurement of the amount of
water contained in the soil, it does not reflect to what
degree plants can utilize this water. The tension at which
water is held in the soil or soil water potential determines
the availability of water to plants. Given a specific
moisture content, the availability of water can vary depending
on soil characteristics. Thus soil water potential may give a
more sensitiv,. estimate of moisture relationships among the
sites and years with respect to vegetation growth and
productivity. Soil water potential values were estimated from
equations relating soil moisture content at each plot to soil
water potential (Appendix C 1987 Herbaceous Plant Cover and
Tree Studies Annual Report). These equations were then
applied to daily average soil moisture content at each depth
at each plot.

Soil Moisture Status(depth 5 cm)

Site Comparisons: Soil moisture content (5cm) at the
control plantation was greater than at the antenna plantation
for all years of the study but was only greater than at the
ground site during 1986, 1988, 1989, 1990, and 1992 (Table
1.7). Soil moisture content at the control hardwoods was
greater than at the antenna hardwoods for all years except
1992. ANOVA tests indicated significant higher soil moisture
content (5cm) at the control than at the antenna site
(p=0.004) but not the ground (p=.110). Average soil moisture
content (5 cm) during 1986-1992 was 1.1% and 3.3% greater at
the control plantation than at the ground and antenna
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Table 1.6 Comparison of soil moisture content (M) and soil
water potential(-Xpa) at a depth of 5 cm during
the 1986-92 growing seasons (April-Oct.).

Plantation
Control- Control-

Ground Antenna Control Ground Antenna

1986 13.2 .024 9.2 .022 16.0 .013 2.8 -. 011 6.8 -.009
1987 13.6 .022 11.3 .013 13.5 .018 -0.1 -. 004 2.2 .005
1988 11.8 .029 11.3 .016 12.9 .024 1.1 -. 005 1.6 .008
1989 13.0 .018 10.9 .014 14.2 .020 1.2 .002 3.4 .006
1990 16.6 .010 13.7 .009 18.9 .008 2.3 -. 002 5.2 -. 001
1991 15.2 .011 13.6 .011 15.0 .012 -0.2 .001 1.4 .001
1992 14.5 .014 12.3 .010 15.5 .012 1.0 .002 3.2 .004
Ave. 14.0 .017 11.8 .013 15.1 .014 1.1 -. 003 3.3 .001

Hardwoods
1986 10.4 .024 14.1 .024 3.7 .000
1987 10.8 .023 10.9 .031 0.1 .008
1988 9.5 .026 10.6 .046 1.1 .020
1989 9.5 .023 11.2 .046 1.7 .023
1990 12.6 .010 16.2 .013 3.6 .003
1991 11.6 .014 14.3 .019 2.7 .006
1992 13.5 .010 13.4 .015 -0.1 .005
Ave. 11.1 .017 13.0 .025 1.9 .008

Site Comparison
Control Ground

Moisture Content 15.1 al 14.0 a
Soil Water Pot. .014 a2  .017 a

Control Antenna
Moisture Content 14.0 a 11.4 b
soil Water Pot. .019 b .015 a

Annual Comparison
Control & Ground Control a Antenna

I= I =
1986 14.6 bc .018 b 12.4 c .020 c
1987 13.6 c .020 bc 11.6 d .020 c
1988 12.3 d .027 b 11.1 d .026 d
1989 13.6 c .018 b 11.4 d .023 cd
1990 17.8 a .012 a 15.4 a .010 a
1991 15.1 b .012 a 13.5 b .014 b
1992 15.0 b .013 a 13.7 b .011 a

1Sites or years with the same letters for a specific site
combination are not significantly different at p=0.052 ANOVA and multiple range tests of soil water potential
performed on transformed (inverse natural log) data
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Table 1.7. Water holding capacity of the mineral soil to a

depth of 15cm at each site and stand type

g water/m2 soil

Ground 240.9

Antenna 125.9 188.3

Control 239.2 257.5

plantations tespectively (Table 1.6). Differences between the
two hardwood stands averaged 1.9%. The differences in
moisture content of the control and antenna sites is related
to the higher water holding capacity at the control compared
to the antenna site (Table 1.7). Water holding capacity of
the soils in the control plantation and hardwoods are
respectively 90% and 37% greater than the water holding
capacity of the soils in the antenna plantation and hardwoods.
Differences in water holding capacity of the soils in the
control and ground plantations are minimal.

Soil moisture contents are generally higher in the
plantation than the hardwoods due to the lower amounts of leaf
area and thus evapotranspiration. Differences in soil
moisture content (5cm) of the two stand types were greater at
the control than at the antenna site but site by stand type
interactions were not significant (p=.059).

Differences in soil water potential between the sites
were not found to be significant (p=0.799) for the control vs.
ground comparison but were significant for the control vs.
antenna comparison (p=0.024). Although soil moisture content
was greater at the control site than at the antenna site, soil
water potential was lower (more negative) at the control
compared to the antenna site indicating a higher availability
but not a higher amount of water at the antenna compared to
the control.

Annual Comparisons: Differences in soil moisture content
(5cm) and soil water potential (5 cm) were significant
(p_.004) among years for both the coz-rol vs. ground and
control vs. antenna comparisons. Soil misture content (5 cm)
and soil water potential (5 cm) were significantly higher
(p.S.05) in 1990 and 1991 than in any other previous year of
the study. The higher moisture contents and lower water
potentials in these years can be attributed to relatively high
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Table 1.8 Average soil moisture content 5cm for differing soil
water potentials at control and antenna hardwoods.

Antenna Control

Soil moist. Soil Moist.
Wat.Pot. Content Nat. Pot. Content

Field Capacity 0.01 13.3 0.01 17.6

0.03 7.6 0.03 9.5

Permanent Wilt.
Point 1.5 2.9 1.5 3.1

levels of precipitation, a very uniform distribution of
precipitation, and low levels of evapotranspiration due to
relatively cool air temperatures during the growing season
(see precipitation and air temperature sections).

Site by Year Comparisons: Soil moisture content (5cm)
site by year interactions were significant for the control vs.
antenna comparison (p<.001) but not the control vs. ground
comparison (p=.117). The site by stand type by year
interaction was also significant (p=.001) for the control vs.
antenna analysis. Soil moisture content (5cm) was not
significantly greater at the control plantation than at the
ground plantation during any year of the study (Figure 1.12).
However, multiple range tests showed significant differences
15etween the control and antenna plantation during 1986-1990
and 1992. (Figure 1.13).

Differences in soil moisture content (5cm) between the
control and antenna hardwoods were significant during 1986,
1990, and 1991 These differences increased from 1988 to 1991
and appear to reflect an overall increase in soil moisture
status at these sites rather than a change in commuunity or
stand dynamics. During periods of adequate precipitation and
low evapotranspiration, differences in soil moisture content
at the sites reflect differences in the field capacity of the
soils at the sites. Since moisture contents of the soils at
field capacity are quite different (Table 1.8), moisture
content at field capacities are an upper bound at which the
two sites would differ during periods of little or no moisture
stress. Thus during 1990 and 1991 when moisture contents at
both sites were at their greatest levels, differences in soil
moisture content between sites were the greatest.

As a result of the higher detection limits associated
with soil water potential (5cm) and the varying relationships
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between soil moisture content and soil water potential among
sites, site by year interactions were only significant for the
control and antenna comparison (p=0.002). Neither the site
by year interaction for the :ontrol vs. ground comparison
(p=0.759) nor the site by stand type by year interaction for
the control vs. antenna comparison (p=0.828) were significant.
Differences in soil water potential at the sites were least
during years of high moisture status because soils were at or
near field capacity for much of the growing season. During
more stressful years differences among sites were greater
(Table 1.6).

Soil Moisture Status (depth 10 cm)

Site Comparisons: Comparisons of soil moisture content
and soil water potential (10 cm) among sites were similar to
comparison of soil moisture content and water potential at
depths of 5 cm. Soil moisture content (10cm) at the control
was not significantly higher than the ground site (p=0.113)
but was significantly higher than the antenna site (p=0.009).
However differences in soil water potential were not
significant for either control vs. ground (p=0.842) nor the
control vs. antenna (p=0.228) comparisons. Differences in
soil moisture content (10 cm) between the control and antenna
sites were greater than between the control and ground sites
(Table 1.9).

Analyses in prior years has indicated significant site by
stand type interactions for the control vs. antenna
comparison. However this year's analysis showed no
significant site by stand type interactions (p=0.074).
Differences in the soil moisture at the two stand types at the
control and antenna sites has been related to the greater
water holding capacity of the antenna hardwood soils compared
to the antenna plantation soils. If the current change in the
ANOVA results reflect actually changes in moisture contents in
'he stand types, it is likely that the aggrading plantation
may be altering the water holding capacity of the plantations.

Annual Comparisons: Moisture content and soil water
potential at depths of 10cm were significantly higher (p4.05)
during 1990 than in any other year of the study for the
control vs. antenna and the control vs. ground comparisons
(Table 1.9). Soil water potential (10cm) showed similar
trends with 1990-1992 having higher values (less negative)
than in previous years. Both soil moisture content and water
potential (10cm) were generally at their lowest levels in 1988
and 1989. Like soil moisture content (5cm), annual
fluctuations in soil moisture content (10cm) generally follow
climatic trends in precipitation and air temperature.
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Table 1.9 Comparison of soil moisture content (M) and soil
water potential(-Mpa) at a depth of 10 cm during
the 1986-92 growing seasono (April-Oct.).

Plantation
Control- Control-

Ground Antenna Control Ground Antenna

1986 15.2 .018 9.2 .018 14.6 .017 -0.6 -.001 5.4 -.001
1987 14.2 .016 9.8 .014 15.1 .014 0.9 -. 002 5.3 .000
1988 12.9 .021 10.3 .018 14.4 .019 1.5 -. 003 4.1 .001
1989 14.0 .016 10.7 .013 14.4 .020 1.4 .004 3.7 .007
1990 13.4 .018 12.1 .009 18.4 .009 5.0 -. 009 6.3 .000
1991 13.8 .014 10.6 .014 14.9 .013 1.1 -. 001 4.3 -. 001
1992 14.1 .013 11.2 .013 14.2 .014 0.1 .001 3.0 .001
Ave. 13.9 .016 10.5 .014 15.1 .015 1.2 -. 001 4.6 .001

Hardwoods
1986 10.0 .023 12.6 .025 2.6 .002
1987 11.2 .022 12.7 .021 1.5 -. 001
1988 10.5 .019 12.8 .021 2.3 .002
1989 9.8 .022 11.1 .031 1.3 .009
1990 12.5 .010 15.5 .012 3.0 .002
1991 11.4 .012 13.4 .018 2.0 .006
1992 11.4 .013 12.9 .017 1.5 .003
Ave. 11.0 .016 13.0 .020 2.0 .004

Site Comparison

Control Ground
Moisture Content 15.1 al 13.9 a
Soil Water Pot. .015 a 2  .016 a

Control Antenna
Moisture Content 14.1 a 10.8 b
Soil Water Pot. .017 a .015 a

Annual Comparison
Control & Ground Control & Antenna

1986 14.9 b .017 b 11.6 c .020 c
1987 14.7 b .015 b 12.2 bc .017 c
1988 13.6 b .020 b 12.0 bc .019 c
1989 14.2 b .023 b 11.5 c .018 c
1990 15.9 a .012 a 14.6 a .010 a
1991 14.4 b .014 a 12.6 b .014 b
1992 14.1 b .014 a 12.5 b .014 b

1 Sites or years with the same letters for a specific site
combination are not significantly different at p=0.05

2 ANOVA and multiple range tests of soil water potential
performed on transformed (inverse natural log) data
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Site by Year Comparisons: ANOVA tests of soil moisture
content (10cm) showed significant site by year interactions
for the control vs. ground comparison (p=0.001) and also the
control vs. antenna comparison (p=0.015). The significant
interaction for the control and test sites appears to be
related to the moisture contents at the sites during 1990
(Figure 1.14, Figure 1.15). Differences in moisture content
between the control and test sites during this year were
greater than in all years prior or after 1990. Differences in
soil moisture between the ground and control were extremely
large in 1990 due to a reduction in soil moisture at this
depth at the ground site (Table 1.9, Figure 1.14). As shown
in Table 1.6, average moisture content at a depth of 5cm at
all sites was higher in 1990 than in 1989. Thus the decreased
soil moisture contents at a depth of 10cm in 1990 at the
ground site appear to be an anomaly which is related to the
inherent precision of the soil moisture sensors rather than an
actual change in moisture content.

Site by stand type by year interactions were not
significant for either soil moisture content (p=0.540) or soil
water potential (p=0.806) at a depth of 10cm. These results
indicate that the relationships of these parameters between
the two stand types have remained stable over the duration of
the study. The lack of any significant annual variation in
this relationship supports the conclusion that any present or
past differences in the moisture content of the two stand
types at the control and antenna sites is related to the
differences in the soil physical characteristics rather than
biotic changes.

Summary: At this time there is no evidence to conclude
that ELF fields or ELF antenna operation has altered the soil
moisture content or soil water potential of the test sites.
This conclusion is based on the following results and
observations:
I

1) Although site by year interactions of soil
moisture content at a depth of 10cm for both
comparisons or at a depth of 5cm for the control vs.
antenna comparisons were significant (p_.05), no
trends were evident which were consistent with ELF
antenna operation.

2) Increased differences in moisture content (5cm)
between the control and antenna sites appears to be
related to increases in soil moisture status rather
than ELF antenna operation. Relationships of both
soil moisture content (10cm) and soil water
potential (10cm) among sites and/or stand types were
stable over the duration of the study.

3) Changes in moisture status during the study
period were primarily related to annual variation in
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precipitation and air temperature rather than
changes in vegetation structure or dynamics.

4) The lack of significant site by stand type by
year interactions indicate that any differences in
the relationships between stand types at the two
sites have remained stable during the study and are
related to soil physical characteristics rather than
any biological processes.

Precinitation

The amount of precipitation and the distribution of
precipitation over time are two primary factors controlling
availability of water for plant growth. Thus precipitation is
an important factor in the climatic monitoring program.

Site Comparisons: Differences in the total amount and
distribution of precipitation has not dramatically differed
among the three sites during the 1985-1992 study period
(Figure 1.16). During this period the ground and antenna
sites respectively received 3.39 cm and 3.54 cm more
precipitation during the growing season than did the control
site. The majority of this difference occurs during July and
August (Figure 1.17). During these two months the ground and
antenna site on the average have received 4.00 cm more
precipitation than the control.

Although the test sites have received approximately 10%
more precipitation than the control, differences in the weekly
precipitation amounts were not significant for either the
control vs. ground comparison (p=0.533) or the control vs.
antenna comparison (p=0.542).

Annual Comparisons: Annual variation in the average
(veekly amount of precipitation is much greater than the
variation in precipitation among sites (Table 1.10). Almost 1
cm/week more precipitation fell during 1991 and 1985 than in
1986. Precipitation levels during the growing season of 1992
were respectively 0.25, 0.20, and 0.06 cm less than the
average precipitation levels from 1985-1992 at the ground,
antenna, and control sites respectively. ANOVA tests showed
no significant differences in the average annual weekly
precipitation amounts for the control vs. antenna comparison
(p=0.088) or the control vs. ground comparisons (p=0.140).

Site by Year Comparisons: Site by year interactions were
neither significant for the control vs. ground comparison
(p=.981) nor the control vs. antenna comparison (p=.988).
Within the range of detection limits for these analyses (Table
1.15, 1.16), it does not appear that the annual variation in
precipitation among sites has differed during the study
period.
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Table 1.10 CoMarison average weekly precipitation amounts
(cm) during the 1985-92 growing seasons (April-
Oct.).

Control- Control-
2Qr d •A Cqntrol 9==

1985 2.41 2.46 1.97 -0.44 -0.49
1986 1.25 1.18 1.26 0.01 0.08
1987 1.78 1.87 1.78 0.00 -0.09
1988 1.80 1.77 1.49 -0.31 -0.28
1989 1.48 1.40 0.98 -0.50 -0.42
1990 1.60 1.72 1.80 0.20 0.09
1991 2.10 2.09 2.07 -0.03 -0.02
1992 1.48 1.46 1.56 0.08 0.10
Ave. 1.73 1.74 1.61 -0.12 -0.15

Site Ca.pariSon
Control Ground
1.61 al 1.73 a
Control Antenna
1.61 a 1.74 a

Annual Comarison
Control & Ground Control a Antenna

1985 2.22 a 2.19 a
1986 1.25 a 1.22 a
1987 1.82 a 1.78 a
1988 1.63 a 1.65 a
1989 1.23 a 1.19 a
1990 1.70 a 1.76 a
1991 2.09 a 2.08 a
1992 1.52 a 1.51 a

1 Sites or years with the same letters for a specific site
combination are not significantly different at p=0.05

Summary: ANOVA tests have not indicated any significant
differences in weekly precipitation among site* or years
during the entire study period as a whole or during any single
year of the study. However, the sensitivity of these tests
are limited due to their high detection limits. The location
of the precipitation sensors above the canopy of the
plantation would eliminate any possible ELF field effects on
this climatic parameter.

Global Solar Radiation
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Solar radiation is the primary energy source for
photosynthesis as well as the primary factor controlling
climatic conditions. Thus solar radiation is monitored at the
study sites.

Comparisons of global solar radiation did not include
July of 1987 or April of 1988. Data from July of 1987 was not
available due to the lightning strike at the ground site and
the sensor calibration was performed during April of 1988.
Thus it was felt that a more suitable comparison of yearly
information could be made if April and July were excluded from
the analyses.

Annual Comparisons: Comparisons of global solar
radiation are only performed for May, June, August,
September, and October measurements due to sensor failure in
July of 1987 and sensor calibration in April of 1988.
Measurements of global solar radiation in August of 1988 were
low because 16 days of measurements were missing due to a
computer failure (Figure 1.17). Average global solar
radiation during 1990 was 392.3 Langleys/day the highest
recorded average value to date (Table 1.11). Differences in
average daily global solar radiation among years were not
significant (p=0.473). Figure 1.18 shows that variation of
global radiation within years are much greater than the
variation among years.

Table 1.11 Average global solar radiation during the 1985-1992
adjusted growing seasons.

Global Solar Radiation1

(Langleys/Day)

1985 1986 1987 1988
385.1 a2  360.9 a 364.0 a 331.0 a

1989 1990 1991 1992
383.2 a 363.5 a 373.9 a 392.3 a

1Averages and analysis using May-June, August-October. July
and April was excluded from the analysis due to missing
information from July 1987 and April 1988.

2 Years with the same letter not significantly different at
p=0.05
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Figure 1.18
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Summary: Average daily global solar radiation has not
been found to significantly differ in any of the analysis to
date. Detection levels (Table 1.15) for this variable are
relati,-ly high and do not afford an extremely sensitive
statistical comparison of the annual variation of solar
radiation at this site. Since the sensor is located above the
canopy of the red pine plantation at all times, any
statistically significant relationships between global
radiation and ELF antenna operation would be coincidental.
Given the current results of the ANOVA tests it does not
appear that such a relationship exists and/or is detectable.

Relative Humidity

Atmospheric humidity is an influential factor determining
rates cf plant transpiration and respiration. Humidity is
related to vapor pressure gradients which influence the amount
of transpiration and evaporation from a given land area. In
an attempt to fully monitor the climate at the study sites,
relative humidity is measured by the ambient monitoring
systems.

As a result of sensor repairs and system failures 1991
was the sixth year that relative humidity was monitored during
the entire growing season. Calibration endpoints of the
sensor at the ground site in 1990 drifted repeatedly making
measurements collected at this site unusable. Thus annual
comparisons and site comparisons are limited to 1987-1989 and
1991 for the control vs. ground analysis. Initiation of
relative humidity monitoring begins each year after snow melt.
Generally there are only 14 to 21 days in April when relative
humidity is monitored. In order to eliminate bias from
comparisons of years or sites, April measurements were not
included in the analyses.

11 Site Comparisons: Average relative humidity during the
study period was higher at the test sites than at the controlý
site (Table 1.12). Differences were significant (p0.001) for
the control vs. antenna (1987-1992) and the control vs. ground
(p=.002) comparisons (1987-1989, 1991-1992). Average relative
humidity was 10.6% greater at the antenna than control site
during 1987-1992 while relative humidity at the ground was
6.7% higher than at the control site during 1987-1989, 1991-
1992.

Annual Comparisons: Decreases in relative humidity from
1987 to 1989 appear to be related to decreases in
precipitation. The increase in relative humidity in 1990 and
in 1991 at the sites also appears to be related to the
increase in precipitation above 1989 levels during this year.
The ranking of average annual relative humidity during the
growing season is as follows 1990=1991=1987>1992=1988>1989 for
the control vs. antenna comparisons and
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1987=1991>1992=1988>1989 for the control vs. ground (Table
1.12).

Site by Year Comparisons: Differences in relative
humidity between the control and both test sites decreased
in 1991 and 1992 from 1989 or 1990 levels (Figures 1.19a and
1.19b). Site by year interactions were significant for the
control vs. ground (p4.001) and the control vs. antenna
(p=.005) interactions. Multiple range tests showed
significant differences between control and test site relative
humidity for all years except 1991 and 1992. Decreases in the
differences in relative humidity may be relat . to the
increased height of the trees in the plantations in much the

Table 1.12 Cceparison of relative humidity during May-Oct of
1987-1992 (May-Oct.).

Relative Humidity

Control- Control-
gXmd AnMa C Ground AnUmA

1987 81.0 84.1 70.0 -11.0 -14.1

1988 78.7 80.0 62.5 -16.2 -17.5

1989 65.9 73.1 58.3 -7.6 -14.8

1990 87.3 70.3 -17.0
1992=
1991 74.1 80.3 76.9 3.0 -3.4

1992 72.8 75.0 70.9 -1.9 -4.1
,Mean
(87-92) 79.7 68.1 -11.8
(87-89,91,92) 74.5 67.7 -6.8

Relative Humidity

C22=2o1 2XQm•
67.7 b 74.4 aControl A==am
68.1 b 79.7 a

Control vs. Ground 75.5 a 71.3 b 62.1 c 75.1 a 71.9 b
Control vs. Antenna 77.1 a 71.2 b 65.7 c 78.8 a 78.6 a 73.0 b

"l/Years with the same letter not significantly different at
p=0.05
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Figure 1.19a
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same manner that air temperature has been altered. The
changes in the relationship of relative humidity among sites
was more and dramatic and occurred over a shorter period of
time than was observed for air temperature. This was probably
due to the limited number of relative humidity sensors at each
site. Since only one sensor is located in each plantation and
the red pine at the sites can grow as much as 0.7 meters a
year, changes in climatic conditions which are effected by the
canopy could be striking. Differences in relative humidity
may also be related to inherent precision limits (4-5%) which
these sensors can be calibrated. Monitoring of relative
humidity in 1993 should verify whether the changes in relative
humidity is related to these factors.

Summary: Site by year interactions were significant (pr
.05) for the control vs. ground and control vs. antenna
comparisons. Although trends in relative humidity at the test
sites during 1987-1990 do not appear to be related to the ELF
antenna operation, 1991 was the first year that differences
between control and test site relative humidities were not
significant. Future monitoring of relative humidity should be
able to determine whether relative humidity has been altered
at the test sites.

Photosynthetically Active Radiation (PAR)

Photosynthetically active radiation is measured
underneath the canopy in the hardwood stands at the control an
antenna sites. This climatic variable should be sensitive to
possible ELF induced changes in the canopy of the hardwood
stand. Reduction of foliage biomass or changes in the timing
of leaf expansion would alter the amount of radiation reaching
the forest floor over the duration of the growing season.
This type of change would affect the growth of forest floor
vegetation and the microclimate in the hardwood stands.

Sensor and system failures have limited the amount of
fnonths of data which can be used for this analysis. Currently
measurements from May through July of 1986-1992 are used for
ELF effect testing. Measurements during this time span should
give a good indication of any changes in leaf area or timing
of leaf expansion between the control and test sites.

Site and Annual Comparisons: Comparisons of sites and
years are limited to the months of May through July of 1986-
1992 due to the downtime of the platforms. PAR is
dramatically reduced during the end of May and beginning of
June when leaf expansion of the hardwood stands occur. Thus
the time period used in the analysis gives both an indication
of the changes in the timing of leaf expansion as well as the
total amount of light interception by the canopy over the six
year period. In 1990 litter weights were 25% below normal.
Increased PAR during this period reflects the presumably lower
amounts of leaf area during this year.
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Average PAR was 1.30 Einstein's/day higher at the antenna
site than at the control site during 1986-1992 (Table 1.13).
However, differences is PAR between sites were not significant
(p=0.529) for the current study period. Annual average PAR
varied from a low of 4.42 to a high of 6.55 Einsteins/day but
annual differences were not significant (p=0.521). Site by
year interactions were significant (p=0.051) for the first
time during the study. At the p=0.05 level average PAR for
individual site by year combinations could not be separated by
the multiple range test. At p=0.10 the test indicated that
PAR was significantly higher at the antenna hardwoods than the
control hardwoods only in 1989 and 1992. Both of these years
occurred during full power antenna operation. However,
differences were not significant during the other two years of
full power operation (1990 and 1991) and were the least during
the study. Since differences in PAR during full power
operation were the lowest as well as the greatest observed
from 1986-1992, there appears to be no direct influence of ELF
on the amount of PAR at 30cm at the antenna site.

Summary: Since PAR above the canopy should be similar at
the two sites, the higher levels of PAR at the antenna reflect
the lower leaf area at the sensor location at this site. A
number of factors such as timing of leaf expansion, tree
mortality, and natural variation in leaf area can effect PAR
at a given site. As the result of these interacting factors,
temporal variability and thus detection limits for PAR are
quite high. Thus it is not surprising that site and year

Table 1.13. Comparison of photosynthetically active radiation
during 1986 -1992 (May-July).

Average Daily PAR
(Einsteins/Day)

Control 4.77aI 5.06a 4.53a 3.27b 6.42a 5.24a 4.32b 4.79
Antenna 6.33a 5.83a 6.10a 5.56a 6.69a 5.44a 6.71a 6.09

Control-
Antenna -1.56 -0.77 -1.57 -2.29 -0.25 -0.22 -2.39 -1.30

Average 5.55 5.45 5.31 4.42 6.55 5.34 5.51

1 Sites for a given year with the same letter not
significantly different at p=0.10
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differences were not significant for a large part of the
study. However, differences in PAR between sites for 1989 and
1992 were significant (p=0.10). Since differences in PAR
between the sites were at their highest as well as lowest
levels during the four years of full power operation, these
results do not indicate any trends which are related to the
ELF antenna operation.

Initially these sensors were located in the stand to
monitor available PAR to the ground vegetation. Amount of PAR
was considered as a covariate for analyses in Element 3
(Phenophase Description and Documentation). Since
measurements for this Element was discontinued after 1992,
measurements of PAR were discontinued in November of 1992.

Air Temnerature (30 cm above around)

Air temperature is being monitored 30 cm above the ground
to give a more accurate measurements of climatic conditions at
the understory air interface. These sensors were not
operational in 1987 and thus analyses and summaries were only
performed on the 1985-1986 and 1988-1992 measurements. Due to
the height of this sensor, it is not operational in April
until the snow pack has melted from each site. Consequently
initial temperature measurements from these sensors begin at
different times each year. Analyses and summaries only
include the months from May to October in order to ensure the
same time period for each year of analysis.

Site Comparisons: Average air temperature (30 cm) was
1.0 OC warmer at the control than at the antenna hardwood
stand for the six years of measurements (Table 1.14).
Differences in temperature (1.0OC) between sites at 30 cm
above the ground were similar in magnitude to site differences
in average air temperature at 2 m above the ground and were
significant (p=0.001).

Annual Comparisons: Annual trends in air temperature
(30) cm were similar to those found for air temperature 2

meters aboveground in the hardwoods at the two sites. The
highest temperatures observed (Table 1.14) at 30cm
aboveground were in 1988 and the lowest in 1985 and 1990.
Average annual temperatures were significantly different among
years (p=0.028) but site by year interactions were not
significant (p=0.923) for this years analysis. Mean annual
temperatures were significantly (p=0.05)lower in 1992 than in
1988. No differences were significant for all other year
combinations (Table 1.14).

Summary: The detection limits for this variable, like
many other climatic variables which are only measured with one
sensor at each site, are high (Table 1.16). Given the
similarity in temperatures at aboveground heights of 2m and
30cm in the hardwood stands, it would appear that comparisons
of air temperature at 2m would give a better indication of the
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effects of ELF antenna operation than would the 30cm
temperature sensors. Regardless of the air temperature

Table 1.14 Comparison of air temperature 30 cm above the
ground at the control and antenna hardwood stands
during 1985, 1986, 1988, 1989, 1990, 1991,
1992(May-October)

Average Daily Air Temperature 30 cm
(CC)

1985 1986 1988 1989 1990 1991 1992
Control 13.3 13.6 14.8 13.9 13.2 14.1 12.9 13.8 a1

Antenna 12.6 12.8 13.6 12.9 11.9 13.3 11.5 12.8 b

Control-
Antenna 0.8 0.8 1.2 1.0 1.3 0.8 1.4 1.0

X 12.9ab 13.2ab 14.2a 13.4ab 12.6ab 13.7ab 12.2b13.3

1 Sites and years with the same letter not significantly
different at p=0.05

variable considered, there is no indication that ELF antenna
operation has modified the air temperatures of this stand
type. Like PAR this sensor was installed primarily to give
ambient measurements at the level of the height of the ground
vegetation. This information was used as a possible covariate
tor Element 3 (Phenophase Description and Documentation).
Since measurements for Element 3 have been concluded, the
measurements of PAR were discontinued in November of 1992.

Deteation Limits

Detection limits (DTL) calculated for the temperature
variables (air, soil (5cm), and soil (10cm)) are generally
lower than the DTL calculated for any of the other variables
(Table 1.15, 1.16) due to greater precision of these sensors,
lower spatial variability of these climatic variables, and the
number of sensors operated at each site. The air temperature
and soil temperature DTL are near the precision limits of the
equipment and it is not expected that any improvement
(decrease) of the DTL for these variables will be made in
future analyses. Since the DTL are low for the temperature
variables, it is also expected that these measurements will
give the best indication of the effects of ELF radiation on
the microclimate of the test sites. The higher DTL associated
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with moisture content and soil water potential measurements are
in part a result of the lower precision of the soil moisture
sensors as well as the high spatial variation of soil moisture
within the sites.

Soil moisture content DTL were lower than soil water
potential DTL for all depths (Table 1.15,1.16). DTL for site and
year factors were below 11% of the mean for soil moisture content
but not soil water potential in both comparisons. DTL for site
by stand type, and site by stand type by year interactions were
also less than 18% for soil moisture content but not soil water
potential.

DTL expressed as a percent of the overall study means for
solar radiation and precipitation were often in excess of 30%.
These high values are a result of only utilizing one sensor at a
site. For these climatic measurements spatial variation is
limited and one sensor is adequate for the accurate measurements
of these variables. However, the lack of additional sensors
reduce the sensitivity of the statistical tests employed in
hypothesis testing.

DTL were also generally lower for the control vs. antenna
comparisons than the control vs. ground comparisons (Table
1.15,1.16). The increased sensitivity of the control vs. antenna
comparisons is a result of having two stand types (six plots)
included in the analyses rather than just one stand type (three
plots). The increased number of plots and thus observations for
a given variable reduces the standard errors used in the
calculation of the DTL associated with site, year, and site by
year factors.

A large number of climatic factors were found to vary
significantly among sites and/or years (Table 1.17-1.18). Air
temperature (2m), air temperature (30cm), soil moisture content
ht 5 cm and 10 cm depths, soil water potential at 5 cm, and
relative humidity are climatic variables which have been found to
differ among the control and tests sites. Air and soil
temperature, soil moisture , soil water potential, precipitation,
and relative humidity change annually at the sites. Any of these
climatic variables which differ among sites and/or years are good
candidates for modeling efforts or covariate analysis in the
other elements of the project. However, before these climate
variables are included in any final analyses, it must be
demonstrated that they are not correlated to or affected by the
ELF antenna operation.

We expect that any change in a climatic variable as a result
of ELF antenna operation would be caused by a change in the
ecology at the test sites. To detect and quantify any changes in
the climata at the test sites, comparisons of the climatic
relationships between the control and test sites are made over
the duration of the project. Changes in the relationships of the
climate between the control and test sites would indicate
possible ELF field effects on these factors at the test sites.
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Table 1.17 significant differences for control vs. ground site
coparisons (1985-1992)

FACTOR

A b Alt air Alta by rear

Air Temp. (2a) * * *

Soil Temp. (5 ca) - * *

Soil Temp. (10 cm) - *

Boil moist. (5 ca) - *

Soil Nat. Pot. (5 cm) - *

Soil moist. (10 ca) - * *

Boil Nat. Pot. (10 cm) - *

Relative. Humidity. * * *

Precipitation. -

1 Factors denoted by * p,.05.

Factors denoted by - p>.05

These changes are expressed in our statistical design through
significant site by year or site by stand type by year
interactions. As of 1992 air temperature (2m), soil temperature
(5cm), soil moisture content (5cm), soil water potential (5cm),
soil moisture content (10cm), and relative humidity were shown to
have significant site by year interactions for the control vs.
ground comparisons and/or the control vs. antenna comparison.
During 1985-1992 site by stand type by year interactions for both
soil temperature 10cm and soil moisture content 5cm were
significant (Table 1.18).

The significant site by year air temperature (2 m)
interations have been shown to be related to differences in the
red pine productivity at the control and test sites. The changes
in air temperature among sites during the study are related to
the greater productivity (height growth) at the control site
compared to the test sites. Red pine at the control site reached
the level of the air temperature sensors much earlier during the
study than the trees at the tests sites. This resulted in a
greater difference in air temperatures at the control compared to
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the test sites during 1987-1989 than years prior to 1987 or after
1989. Results from Element 2 suggest that a stimulation rather
than an inhibition of red pine height growth occurs with EMF
exposure. Since height growth is greater at the control than the
test sites, the significant interactions indicated by the
analysis do not reflect an alteration of air temperture as a
result of the effects of ELF electromagnetic fields on height
growth. Given the results from Element 2, any effects from ELF
electromagnetic fields on air temperature should have reduced
rather than increased the differences in air tempertures among
the control and test sites.

Table 1.18 Significant differences for the control vs. antenna
comparisons (1985-1992)

FACTORS

Site by Stand
Site Site by Type by

XAWA Is aXW ba i2 Xua

Air Temp. (2m) * * - -

Soil Temp.(5 cm) - * - * -

Soil Temp.(10 cm) - * - *

Soil Moist.( cm) * * * *

Boil Wat. Pot.(5 cm) * * *

Boil Moist.(10 om) * * *

Soil Wat. Pot.(10 c) - * -

PAR - - *

Air Temp.(30 ca) * * -

Rel. m. * * *

Precipitation - - -

1 Factors denoted by * p<=0.05

Factors denoted by - p>0.05

To some degree the significant site by stand type by year

interactions for soil temperature is also correlated with the red
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pine productivity and its effects on insolation at the control
and antenna plantations. However, soil temperature at 10cm in
the control hardwoods site appears to have increased relative to
the soil temperature observed in the antenna hardwoods and
control air temperature during 1991-1992. Furthermore soil
temperature has decreased relative to air temperature within the
antenna hardwoods. Although changes in soil temperature at the
control may be related to mortality of trees in 1991-1992,
decreases in soil temperature at the antenna hardwoods currently
can not be explained by the climatic or productivity variables
measured during the study. Although there is no indication that
soil temperature at the antenna has been altered by the ELF EMF,
it would be inappropriate to conclude there hasn't been an ELF
effect on soil temperature until it is determined whether the
observed trend in soil temperatures at the antenna hardwood stand
continues during the final year of the study. As of the 1992 the
significant interactions for soil moisture (5cm & 10cm), soil
water potential (5cm), soil temperature (5cm), and relative
humidity have not appeared to be related to ELF antenna operation
or changes in vegetation productivity among the sites.

Another approach used to quantify the relationships between
ELF antenna operation and ambient measurements was to determine
the correlation coefficients between 76 Hz field strengths and
climatic variables. Significant correlations between these two
factors could suggest that either ELF antenna operation has
affected a given ambient variable or that a coincidental
relationship exists between a specific climatic factor and
antenna operation. Table 1.19 presents the results from this
approach for the plantations and hardwoods separately. Ambient
measurements used for the correlations were plot or site averages
or totals for each year during 1985-1992. The mean maximum
magnetic field strengths (76Hz) for each plot and year are
presented in Table 1, Appendix A.

Global solar radiation, relative humidity, PAR, and
vegetation temperature were not significantly correlated with
magnetic fields (Table 1.19). Air and soil temperatures as well
as soil moisture content (10cm) were significantly (p_0.05)
correlated with maximum mean magnetic ELF fields estimated for
the plots in both the plantation and hardwoods during the study.
However, these correlations may be misleading. For example air
temperature appears to be strongly correlated with magnetic
fields in the hardwoods (Table 1.19), but when air temperature is
plotted with magnetic field strengths from both the control and
antenna sites (Figure 1.20), it is apparent that the correlations
to a large degree are related to the differences in air
temperatures at the two sites rather than any trend in field
strengths during the study. Air temperature was lowest in 1985
prior to antenna operation and again in 1990 and 1992 when field
strengths were at their maximum (Figures 1.20).

The poor relationship among field strengths and climatic
variables is more clearly evident when correlation coefficients
were determined for each site separately (Table 1.20). Air
temperature and soil moisture content (10cm) variables which
appeared to be strongly correlated with field strengths in the
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Table 1.19. Correlation coefficients and significance levels
associated with annual ambient variables and plot
averages of matimum magnetic (M) 76Hz field strengths
(1985-1992).

Air Temp. 2m -. 417 ** -. 482"*

Soil Temp. 5cm -. 430 ** -. 477 **

Boil Moist. 5cm -. 097 -. 172

Soil Temp. 10cm -. 384 ** -. 557**

Soil Moist. 10cm -. 329 ** -. 326**

Average Weekly
Precipitation -. 041

Global Solar
Radiation .211

Relative Hmimdity .299

.Solar Radiation .195
Par .326

Air Temperature 30cm -. 569

1 * .05<ps. 10.05Žp>.0l
** .01"p

hardwood stands (Table 1.19) were not significantly correlated
(p40.O5) with magnetic flux densities when the control and
antenna sites are considered individually. Only soil temperature
10cm in the antenna hardwoods and air temperature and soil
temperature 5cm in the control hardwoods were significantly
correlated with magnetic fields.

In the plantations a number of variables were strongly
correlated with the magnetic fields (Table 1.20). Again with the
exception of the control site air temperature was only weakly
correlated to magnetic fluxes in the test site plantations (Table
1.20). Soil temperature 5cm and 10cm were significantly (pe0.05)
correlated with field strengths at all three sites. Soil
temperatures 5cm and 10cm showed decreasing trends with
increasing field strengths (ex. Figure 1.21). Soil moisture
content 5 & 10cm in the antenna plantation was positively and
significantly correlated with field strengths (Table 1.20). Soil
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Figure 1.20 IMegnotic 76 Hz Fields Vs. Mean Daily
Air Temperature In The Hardwoods
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Table 1.20. Correlation coefficients and significance levels
associated with annual ambient variables and plot
averages of maximum magnetic (M) 76Hz field
strengths (1985-1992).

--------------------- PLATATION-----------------

Ground Antenna Control
M ML K

Air Temp. 2m -. 370*1 -. 245 -. 638**
Soil Tem. 5cm -. 677** -. 585** -. 803**
Boil moist. Scm .397: .673** .095
Soil Temp. l.0cm -. 621** -. 633** -. 764**
Soil Moist. 10cm -. 308 .795** -. 217

-------------------- HARDWOODS-----------------
Air Temp. 2m -. 299 -. 506*
Soil Temp. 5cm -. 368t -. 444*
Soil Moist. 5cm .392t .422t
Boil Temp. 10cm -. 483* -. 258
Soil Moist. 10cm .280 .116

1 * .05<p,.10.01<p4.05
•** .01.•

moistures generally increased from 1986-199;. with the increased
field strengths (Figure 1.22).

Since soil temperatures were significantly correlated with
magnetic fluxes at the test and control plantations it is
doubtful that a mechanistic relationship exists between the
fields and soil temperatures. Most likely the decrease in soil
temperature with magnetic fluxes reflects the influence of the
aggrading plantation on the soil temperature during the study at
all three sites. However, decreasing soil temperatures with
increasing magnetic field levels were also evident within the
hardwoods (ex. Figure 1.22) but correlations were much weaker and
more inconsistent between sites. The decreasing soil
temperatures in the antenna hardwoods associated with the
increasing magnetic fields coupled with the unexplained changes
in soil temperatures within this site as indicated by the ANOVA
could suggest a ELF effect. Comparisons in the differences
between the mean annual soil temperatures in the control
hardwoods and soil temperatures at each plot in the antenna
hardwoods were significantly correlated (p=.471, p=0.010) to mean
maximum plot magnetic fluxes estimated for the antenna hardwoods.
Differences of soil temperature 10cm at the hardwoods generally
increased with increasing magnetic field exposure after 1986
(Figure 1.23). Results from these comparisons indicated that
temperature in the hardwoods at the antenna decreased and
decreased to a greater degree than in the hardwoods at the
control with the increased field exposures. It is not known to
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Figure 1.21 Magnetic 76hz Fields Va. Mean Daily Soil
Temperature 5cm At The Antenna Plantation
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Figure 1.22 Magnetic 76hz Fields Vs. Mean Daily Soil
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Figure 1.23 Magnetic 76 Hz Fields Vs. Control-Antenna
Hardwood Soil Temperature 10cm
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what degree the paper birch or the storm related mortality of the
trees in the control hardwoods during 1991-1992 has increased the
soil temperature at this site and thus strengthen the
correlations between the differences in temperatures and magnetic
fields. However, the strong correlations of the magnetic fields
with soil temperature in the antenna hardwoods and the
differences between temperatures at the control and antenna
hardwoods coupled with significant site by stand type by year
interactions for soil temperature 10cm is the strongest
indication of an ELF effect on microclimate to date.

Soil moisture content 5cm and 10cm were both strongly
correlated with field strengths in the antenna plantation but
only weakly correlated if at all in the other two plantations
(Table 1.20). If the increased biomass and leaf area of the red
pine were responsible for the significant correlations between
the EM fields and soil moisture content, we would expect that
correlation coefficients would be significant for all sites and
that soil moisture content during the study would decrease with
the increased leaf area and corresponding evapotranspiration.
However, soil moisture content increased at the antenna
plantation and depending on the depth of measurement increased or
decreased at the control and test plantations from 1986-1992.
Furthermore, soil moisture contents were not significantly
correlated with magnetic field at the control and ground
plantations. Site by year and site by stand type ;by year
interactions were found to be significant (p40.05) for soil
moisture content at a depth of 5cm but not at 10cm. The results
of the ANOVA tests along with the correlation coefficients (Table
1.20) are consistent with a potential alteration of soil moisture
content by ELF antenna operation in the plantation. However, it
does not seem likely that soil moisture content would be altered
at only the antenna plantation and not the ground plantation or
antenna hardwoods. Of the three sites, the antenna site does
have the lowest water holding capacity. It is possible that the
aggrading plantation has altered the moisture holding capacity of
the soil and thus has increased the moisture content during the
study. Although changes in moisture holding capacity would be
more evident at this site compared to the other sites, due to the
greater initial water holding capacities at the control and
ground sites, differences in soil moisture content between the
plantations at antenna and other two sites have not increased
appreciably during the study period.

To date soil temperature within the hardwood stands show the
indication of being altered by the ELF antenna operation.
However, to a certain extent the perceived changes in temperature
between the control and antenna hardwoods may be related to
increased insolation as a result of tree mortality at the control
site. Other climate variables may have coincidental
relationships with the increased field strengths but do not
appear to have been alt, -red by ELF EMF at the test sites. The
final year of climate t. ..asurements will help to quantify these
potential coincidental relationships and evaluate the
possibilities of any mechanistic relationships.
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Soil Macronutrient Monitorina

Soils are sampled using a push probe inserted to a depth of 15 cm
in the mineral soil. Five composite samples made up of 4
randomly selected probes are collected from each plot. These
samples are dried at 600C, sieved and mixed, and analyzed for
Kjeldahl N, total P, and exchangeable Ca, Mg, and K. Unused
portions of samples are stored.

Soil nutrient samples were collected monthly during the growing
season from 1985 through 1990. Project reports and reviews
beginning in 1987 noted the wide variability among soil nutrient
values. In 1990, after careful review, the 1985 data were judged
inaccurate. Our 1991 report documented that variability on the
sites, as with many other temperate forest ecosystems, was also
high (Mroz, 1992). Briefly, variability of Ca and Mg was
greatest while variability of N was the least. Site detection
limits ranged from 12.2% to 66.3% while detection limits for year
factors were lower with a range of 6.0% to 17.8%. The increased
detection limits associated with the site compared to the year
factor is directly attributed to the large spatial variability
associated with soil elemental concentrations. The low detection
limits associated with the annual measurements of soil nutrients
were still judged to be well within the accuracy needed for use
as a covariate or modeling variable associated with temporal
changes in other study elements.

Although the variability in soil nutrient values reduced the
value of soil nutrients as an ELF response variable, nutrient
information continued to be an important component of ANCOVA and
modeling efforts in a numbei of elements. Given the importance
of soil nutrient information to the project as a whole, it was
proposed in 1991 to revise sampling procedures. Since June and
July nutrient values had contributed the most to other study
elements, soil sampling was revised to only sample in these
months for the last two years of study (1991 and 1992). In
addition, archived samples from June and July of previous years
were composited and reanalyzed with consistent, one point in time
laboratory techniques to construct a soil nutrient dataset
consisting of composite values for these two months for each
year.
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Analytical Proares.

The reanalyses of June-July composite soil samples for nutrient
concentration were completed in 1992 for both the plantations and
hardwood stands. Nutrient concentrations were combined with
sample depth, soil bulk density and coarse fragment content to
calculate soil nutrient content (Tables 1.21 & 1.22).

Analysis of variance showed significant differences in nutrient
content among sites and years (Table 1.23). Every nutrient
showed year differences on both the plantations and hardwood
stands while site differences in nutrients were evident only in
the hardwood stands. Soil nutrients are generally highest on the
control site and lowest on the antenna site across the years.
Correlations with ambient variables prior to full power operation
showed soil nutrients on the plantations to be most related
(p<.05) with maximum air temperature during the growing season
and soil moisture at the 10cm depth in June and July. In the
hardwood stands, nutrients were most related (p<.05)to soil
moisture and temperature at the 10cm depth.

These factors were used in ANCOVA, respectively, to attempt to
explain site differences in nutrient content for the plantations
and hardwood stands (Table 1.24). Covariate analysis explained
site differences for all nutrients in both stand types but did
less to explain year differences. Significant (p<.05) year
differences in soil nutrient content remained for P, K, Ca and Mg
in the plantations and for Mg and K in the hardwood stands.
Significant site by year interactions remained for Ca in the
plantations and K and P in the hardwood stands. Multiple range
tests showed hardwood site K differences occurred in 1987, 1989
and 1991 (Figure 1.24) while there were more widespread
differences for Ca (Figure 1.25) and P (Figure 1.26).

Soil monitoring efforts contimued in 1993 and a summary will
appear in the final report.
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Table 1.23. Significance levels from the analysis of variance
of soil nutrient content 1986-1992.

Plantations
N P K Ca Mg

Site .005 .191 .049 .001 .025
Year .474 .036 .000 .000 .000
Year x Site .895 .144 .144 .001 .038

Hardwoods

Site .828 .046 .044 .082 .041
Year .050 .067 .000 .005 .001
Year x Site .201 .015 .018 .117 .249

Table 1.24 Significance levels from the analysis of covariance
of soil nutrient content, 1986-1992.

Plantations
N P K Ca Mg

Site .669 .201 .529 .909 .322
Year .183 .005 .000 .001 .000
Year x Site .846 .097 .394 .001 .082

Hardwoods

Site .118 .557 .320 .419 .199
Year .113 .424 .000 .057 .002
Year x Site .138 .030 .044 .129 .160
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Nitroaen Mineralization

Tree productivity analysis completed during the past years have
indicar-d that soil nutrients are valuable covariates in
explaining site and year differences. Of these nutrients,
nitrogen (N) is the one required by trees in the greatest
quantity (Auchmoody and Filip 1973; Stone 1973; Keeney 1980).
Trees assimilate N almost entirely in the inorganic state as
either NH4+ or N03- (Miller and Donahue 1990). However, the bulk
of the nitrogenous materials found in soils or added to them as
plant litter is organic, and consequently, the rate at which
organic N is converted to NH4÷ and further oxidized to NO3- is
critically important. In response to reviewer conmments we
initiated a study in 1990 which investigates the effects of N
availability on tree growth. The study uses an in sjiu buried
bag technique described below to estimate N mineralization rates.
When used with other growth regulating covariates, mineralization
rate should help to refine our understanding and modeling of tree
growth on the ELF sites. Naturally, mineralization rates will
also have to tested to show independence of ELF effects.

This study has focused on gathering field data and analyzing for
site, stand and temporal effects. Once completed, the data will
be included in growth modeling efforts to develop a model which
predicts mineralizable N from our past measures of total N and
climate related variables.

The conversion of organically bound N to inorganic N
(mineralization) describes two distinct processes:
ammonification, in which NH4+ is formed from organic compounds;
and nitrification, the oxidation of NH4+ to N03- (Carlyte 1986).
Forest floor and surface mineral soils are two important sites
for N mineralization, since most substrates and microorganisms
that mediate N mineralization have been found in these two
horizons. The objective of this study is to estimate rates of
ammonification and nitrification in both red pine plantations and
hardwood stands at the antenna and control sites. The overall
hypothesis for this study is

Ho:There are no differences in the rates of N
mineralization (ammonification and nitrification)
rates in both forest floor and mineral soil (0-10 cm)
between antenna and control sites.

Sampling and Data Collection

This study was conducted at only the antenna and control sites.
Nitrogen mineralization (ammonification and nitrification) were
measured in each hardwood and plantation plot at both sites. An
in situ buried bag technique was used to determine net
ammonification and nitrification in forest floor and mineral
soils (0-10 cm).
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Soil Incubation

Soil sampling rnints were randomly selected within plots at each
site. Samples were taken of both forest floor and mineral soils
by using a soil corer 5 cm in diameter and 15 cm in depth. The
thickness of the forest floor at each sampling point was measured
before sample collection. Based on the thickness of the forest
floor, a soil core was collected to obtain a mineral soil sample
of 10 cm depth. Core samples were removed from the hole and
placed undisturbed into a polyethylene bag (0.001 mun thick),
tied, returned to the same hole, covered with the litter, and
then incubated for four weeks. A separate forest floor sample
was collected (about 100 g) near the core sampling point to
determine moisture content. A second core sample of both forest
floor and mineral soil was collected next to each soil incubation
core to determine initial soil NH4+-N and N03--N levels, and bulk
density.

Laboratory Procedures

All samples were sent to the laboratory within 24 hours of
collection and stored at 20C. The forest floor in each core
sample was separated from mineral soil as described by Federer
(1982). Five grams of forest floor were extracted with 2 M KCL
(Bremner 1965) and the extracts analyzed for NH4+-N and NO3--N
using an automated spectrophotometer (Technicon 1978). Forest
floor samples taken to determine moisture content were dried at
105 0C for 48 hours. Mineral core samples were homogenized and 5
grams extracted with 2 M KCL and analyzed for NH4+-N and N0 3 -- N.
The initial and incubation soil samples for a given sampling
point and collection period were composited. Soil moisture
content, organic carbon, and total N were measured on the
composited samples.

boil incubation started in April 1990 and ended October 1991.
Forest floor and surface mineral soil (0-10 cm) samples were
incubated at four week intervals during the growing season (from
May to October). Bulk density was used to convert
ainmonification and nitrification concentrations to a weight per
unit area basis (kg/ha).

Data Analysis

Data from 1990 and 1991 growing seasons (May-Oct) were used for
statistical analyses. A split-plot in time and space ANOVA was
used to determine differences in rates of net ammonification and
nitrification between the sites, years, stand types, and among
months (Table 1.25). Factors which were found to differ
significantly by the ANOVA tests were separated with Student-
Newman-Keuls (SNK) multiple range procedure. Detection limits
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Table 1.25. Analysis of variance for the rates of ammonification
and nitrification.

Source of variance df Sum of Squares Mean Square* F - Ratio

Site 1 SSS MSS MSs/MSp(s)
Plot(site) 4 SSp(S) MSp(s)
ST 1 SST MST MST/MSTP(S)
ST * Site 1 SSTS MSTS MSTS/MSTP(S)
ST * Plot(site) 4 SSTP(S) MSTP(SI
MO 5 SSM MSM MSM/MSMP(s)
MO * Site 5 SSMS MSMS MSMs/MSMPCS)
MO * Plot(site) 20 SSMP(S) MSMP(S)
YR 1 SSy MSy MSy/MSyp(s}
YR * Site 1 SSys MSys MSys/MSyp(s)
YR * Plot(site) 4 SSYp(S) MSyp(s)
YR * MO 5 SSYM MSyM MSyM/MSyMP(S)
YR * MO * Site 5 SSYMS MSyMS MSyMs/MSyMP(S)
YR * MO * Plot(site) 20 SSyMP(S) MSyMP(S)
YR * MO * ST * Site 10 SSyMTS MSyMTS MSyMTS/MSyMTP(S)
YR * MO * ST * 7lot(site) 22 SSyMTP(S) MSyMTP(S)

Note: YR = Year, MO = Month, ST = Stand Type, Plot(site) = Plot
within Site.

for ammonification and nitrification were calculated using the
Student-Newman-Keuls (SNK) multiple range test. Person's
correlation coefficient was used to determine linear
relationships among ammonification, nitrification and major soil
properties (moisture, temperature, organic carbon, organic
matter, bulk density, and pH). All tests were performed with a
p=0.05 probability level.

Progress

Ammonification in Forest Floor

Site comparisons: Average ammonification rates during 1990 and
1991 were lower at the antenna than those at the control site
(Table 1.26). ANOVA tests showed that the rates of
ammonification were significantly greater at the control than at
the antenna site (p=0.033). The statistical analysis also
indicated that the ammonification rates were higher in hardwood
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Table 1.26. Average ammonification and nitrification (kg
N/ha) in the forest floor during the 1990-1991 growing
seasons (May-Oct)

Ammonification

Plantation Hardwood

Antenna Control Antenna Control

1990 1.60 4.18 5.89 9.01
1991 2.48 5.10 7.66 8.90

Nitrification
Plantation Hardwood

Antenna Control Antenna Control

1990 2.42 2.35 1.91 2.55
1991 1.52 1.49 1.59 1.87

than in plantation (p=0.025). However, the site and stand type
interaction was not found to be significant (p=.787) (Table
1.27).

Although annual ammonification rates were lower in 1991 than in
1990, ANOVA test did not show a significant difference between
years (p=0.139). However, monthly rates of ammonification
differed significantly (p<0.001) during the two year study
period. The monthly mean anmonification rates show a clear
seasonal trend (Figure 1.27). The low.rates of ammonification in
October are most likely related to the large flux of fresh leaves
from leaf fall. The corresponding incr •se in organic carbon and
C:N ratios would cause large amounts o- NH4+-N and N03--N to be
inmobilized by microorganisms.
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Figure 1.27 Average ammonification in forest floor
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Table 1.27 Significant levels from the analysis of
variance for ammonification and nitrification 4.n forest
floor and detection limits of site, stand type, and site
by stand type interaction

Factors Ammonification Nitrification

Site 0.033 0.331
Stand type 0.025 0.962
Stand type * Site 0.788 0.342
Year 0.139 0.044
Month 0.000 0.000
Year * Month 0.014 0.002
Year * Site 0.541 0.598
Year * Stand type 0.852 0.460
Year * Stand type * 0.464 0.381
Site

Detection Limits
Site 0.322 0.101
stand type 0.544 0.101
Site * stand type 0.554 0.104
Site * stand type * 0.402 0.084
year

% Mean
Site 36.2 32.3
Stand type 61.1 32.5
Site * stand type 62.2 33.4
Site * Stand type * 45.1 27.0
year

Forest floor ammonification site by year (p=0.598) and site by
year by stand type (p=0.381) interactions were not significant.
However, year by month, stand type by month, site by stand type
by year by month interactions were significant (Table 1.27).
These results indicate that changes of aimmonification rates in
forest floor were mainly controlled by the climatic and soil
factor seasonal variations, while ELF antenna operation do not
appear to have a detectable effect on this process.

Rates of ammonification in forest floor for both stand types and
both sites were significantly correlated with the average monthly
temperatures at 5 cm depths (r=0.54, p<0.001) and initial N03--N
in forest floor (r=-0.32, p=0.003). Initial NH4+-N and moisture
in forest floor were not significantly correlated with the
ammonification rates (Table 1.30).
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Nitrification in Forest Floor

Site comparisons: Annual nitrification rates were similar between
antenna and control sites (Table 1.26) and no significant
differences were detected by the ANOVA test (p=0.331). Stand
type and site by stand type interactions were also not
significant (Table 1.27). These results show that the rates of
nitrification in forest floor were similar at the two sites and
stand types.

ANOVA tests showed significant differences in nitrification rates
between years (Table 1.26). The nitrification rates at antenna
and control sites were higher in 1990 than in 1991 for the both
the plantation and hardwoods. Like the ammonification rates in
forest floor, the nitrification rates also displayed a clear
seasonal trend during the two year study period (Figure 1.28).

The seasonal trends in nitrification rates in the forest floor at
the antenna and control sites were similar during the study
period. Forest floor nitrification rate site by year, stand type
by year, and site by stand type by year interactions were not
significant (Table 1.27). Although the stand type by month
interaction was significant (p=0.015), the site by month, stand
type by site by month interactions were not significant (Table
1.27).

Nitrification processes are particularly sensitive to changes in
environmental factors (Paul and Clark 1989). In our study,
nitrification rates in the forest floor were significantly
correlated with the average monthly soil temperatures at a 5 cm
depth (r=0.52, p<0.001), initial N03--N forest floor contents
(r=0.28, p=0.009), and forest floor moisture content (-0.27,
p=0.011). However, initial NH4+-N was not correlated with the
nitrification rates (Table 1.30).

Ammonification in Mineral Soil (0-10 cm)

Annual ammonification rates in mineral soil (0-10 cm) were not
significantly different (p=0.417 ) between antenna and control
sites (Table 1.28). ANOVA tests showed that the aimnonification
rates were significantly lower (p<0.001) in the plantations than
ir the hardwood stands. Site by stand type interactions were not
found to be significant (p=0.272) for this process and thus
anmonification was lower in the plantations
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Figure 1.28 Average nitrification in forest floor
(May 1990 -Oct 1991)
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Table 1.28 Comparison average ammonification and
nitrification (kg N/ha) in mineral soil (0-10 cm) during
1990-1991 growing seasons (May-Oct)

Ammonification

Plantation Hardwood

Antenna Control Antenna Control

1990 31.70 28.92 55.49 63.32
1991 32.16 32.33 55.90 53.01

Nitrification

Plantation Hardwood

Antenna Control Antenna Control

1990 10.05 9.92 12.20 12.31
1991 8.68 9.05 10.76 10.94

than the hardwoods at both sites (Table 1.29).

Rates of mineral soil axmonification did not differ significantly
between 1990 and 1991 (p=0.381). However, a clear seasonal
variation in anmonification rates was evident in both stand types
,at the two sites (Figure 1.29). Soil ammonification rates for
the both plantation and hardwood stands at the two sites remained
stable during the two study years. ANOVA tests for the antenna
vs. control comparison showed no significant site by year
interactions for soil ammonification rates (p=0.272). Site by
year, stand type by year and site by stand type by year
interaction were also not significant (Table 1.29).
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Figure 1.29 Average ammonification in mineral soils (0-10 cm)
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Table 1.29. Significant levels from the analysis of
variance for ammonification and nitrification in mineral
soils (0-10 cm) and detection limits of site, stand type,
and site by stand type interaction

Factors Ammonification Nitrification

Site 0.417 0.902
Stand type 0.000 0.027
Stand type * Site 0.272 0.951
Month 0.000 0.000
Year 0.381 0.146
Year * Month 0.000 0.001
Year * Site 0.323 0.916
Year * Stand type 0.433 0.649
Year * Stand type * 0.166 0.814
Site

Detection Limits

Site 0.543 0.149
Stand type 0.883 0.260
Site * stand type 0.924 0.273
Site * Stand type * 1.086 0.301
year

% Mean

Site 7.09 8.35
Stand type 11.53 14.59
Site * stand type 12.06 15.31

,Site * stand type * 14.18 16.88
year

Rates of soil ammonification for both plantation and hardwood
stands at antenna and control sites were highly correlated with
C:N ratios (r=-0.77, p<0.001), Soil moisture content, organic
carbon, average soil temperature at 10 cm depth and total N were
also significantly correlated with the ammonification rates, but
not soil pH (Table 1.30).

Nitrification in Mineral Soils (0-10 cm)

ANOVA tests did not show significant differences in soil
nitrification rates between antenna and control sites (Table
1.29). However, nitrification rates at the hardwoods were
approximately twice as great as in the plantations (Table 1.28)
and differences between stand types were significant (p=0.027).
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The differences in stand types were similar at the two sites and
thus the site by stand type interaction was not significant
(p=0.951). Annual differences in soil nitrification rates were
not significant (p=0.1 4 6) but differences among monthly rates
were significant (p<0.001). Mineral soil nitrification rates
like ammonification rates, were relatively c -tant between the
two study years but showed clear seasonal ti.!ds at both sites
and both stand types.

ANOVA tests for the antenna vs. control site comparison showed no
significant site by year interactions for soil nitrification
rates (p=0.916). Stand type by year and site by stand type by
year interactions were also not significant (Table 1.29). Rates
of soil nitrification for both stand types at antenna and control
sites were highly correlated with C:N ratios (r=-0.51. p<0.001)
and total N (r=-0.45, p< 0.001). Soil organic carbon, organic
matter, soil bulk density, average soil temperature at 10 cm
depth and soil moisture were also significantly correlated with
the nitrification rates, but not soil pH (Table 1.30).

When rates of ammonification and nitrification were combined from
both sites to express amounts of total N mineralized over both
growing seasons. Amounts were 43.3 kg N/ha/yr in plantations and
73.4 kg N/ha/yr in the hardwoods. This compares well with other
N mineralization values reported in the Great Lakes region (Table
1.31).

Summary

These results indicate that ammonification and nitrification in
mineral soil (0-10 cm) and nitrification in forest floor do not
differ significantly between sites. Although rates of these
processes differed between stand types, these differences were
?imilar at each site. Assuming that the rates of nitrification
in the forest floor and of both nitrification and ammonification
in mineral soil did not differ prior to ELF antenna operation,
there does not appear to be any evidence that ELF fields have
affected these processes. Ammonification in the forest floor was
found to differ significantly between sites with rates being
higher at the control site than at the antenna site. At this
time there is no evidence to indicate that rates of
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Table 1.30. Correlation coefficients of forest floor (FAMM)
and mineral soil (SAMM) ammonification and forest floor
(FNIa±-) and mineral soil (SNITR) nitrification with major
soil factors (n=288; "' p<0.05; '**' p<0.001)

Factor FAX FNITR SAME SNITR
IFNH4-N -0.17 0.01
IFNO3-N 0.32** 0.28**
Forest floor
moisture% -0.004 -0.27
T5 0.54** 0.52**
T10 0.24* 0.35**
Soil pH -0.06 0.01
Soil moisture % 0.50** 0.30**
Bulk density -0.37** -0.34**
Soil organic carbon % -0.47** -0.42**
Soil organic matter % -0.20 -0.21*
Soil Total N (kg/ha) -0.30** -0.45**
Soil C:N ratio -0.74** -0.51**
ISNH4-N -0.001 0.04
ISNO3-N 0.04 -0.06

Note: IFNH4-N = Initial NH4+-N (kg/ha) in forest floor
IFNO3-N = initial N0 3 -- N (kg/ha) in forest floor
ISNH4-N = Initial NH4 -- N (kg/ha) in mineral soil
ISNO3-N = Initial N0 3 -- N (kg/ha) in mineral soil

Table 1.31. N mineralization as determined under field
conditions in the Great Lakes region

N Kinerali Sample Study Reference
Study sit* zation depth period

Wisconsin:
Red pine 32 0-10 cm one year Nadelhoffer
Sugar maple 62 0-10 cm et al. (1982;

Ontario, Canada:
Sugar maple-beech 74-114 0-8 cm two years Hill and
pine 20-29 0-8 cm Shackleton

(1989)
Lower Michigan:

Sugar maple-red oak 101 0-3.8 cm one year Zak and
Pregitzer
(1990)

Massachusetts:
White pine 21.7 0-15 cm Apr-Oct Boone (1992)
Sugar maple 107.9 0-15 cm

Western upper Michigan:
Maple 102 0-10 cm May-Oct. Mldenoff
Hemlcck 89 0-10 cm (1987)
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ammonification in the forest floor differed between the sites
prior to ELF antenna operation. Thus we cannot conclude that
antenna operation has not alter this process at the antenna site.

Current work is focusing on determining what factors (mineral
soil nutrient content, climatic variables, litter fluxes etc.)
control the rate of these processes at the study sites. Using a
model developed from this information and our measurement of
these factors prior to antenna operation, we will evaluate
whether rates of these process were similar at the two sites
prior to antenna operation. This process will give a better
indication whether nitrification and ammonification rates have
been altered by ELF antenna operation.
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Ilement 2. Tree Productivity

Tree growth is sensitive to a variety of environmental
disturbances. In order to detect any changes in growth due to
treatment, accurate tree measurements are essential. The most
widely accepted tree growth measurements are diameter at breast
height outside bark (dbh) and height. Of these two growth
variables, height is the more difficult to measure on mature
trees. The installation of permanent dendrometer bands on the
stem of a tree allows measurement of minute changes (0.008 cm) in
diameter over a short time interval (Husch et al. 1982). Two
additional advantages of using dbh as a measure of tree growth
are the responsiveness of cambial activity to enviromnental
effects (Smith 1986) and the strong correlation between dbh and
total tree biomass (Spurr 1952, Crow 1978). Consequently,
measurement of diameter increment is the primary response
variable for assessing the effects of ELF fields on hardwood
qtand growth. Tree height was used for initial stand
characterization.

While dbh and height measurements can provide information on
present stand production and a means to predict future
productivity, the capacity of the stand to continue producing is
also dependent on stand structure (the distribution of trees by
diameter classes). Stand structure changes from year to year due
to natural growth, reproduction, and mortality. Any
environmental disturbance could produce an effect on these
factors. Therefore, to achieve a complete picture of possible
ELF field effects on tree and stand production, dbh, height,
ingrowth, end mortality are being measured in order to
distinguish natural changes from those caused by stand
disturbances.

In addition to tree productivity in hardwood stands, studies
involving planted red pine are being conducted on the ground,
antenna, and control sites. These studies were initiated in
response to a need for a larger number of conifers in the
ectomycorrhizal studies as well as to address the Michigan DNR
concerns about forest regeneration. Since young trees often
exhibit rapid growth rates compared to older trees, possible ELF
field effects may be more easily detected on young rather than on
older trees. In the red pine, both diameter and height increment
are response variables for assessing any possible effects due to
ELF fields. Again, as in the case of trees in the hardwood
stands, diameter, height, and mortality are being measured.

Diameter increment is the primary response variable for
assessing the effects of ELF fields on the hardwood stands
located at the antenna and control sites. Permanently installed
dendrometer bands allow continual measurement of incremental
growth on each tree in the stand. This information provides a
view of both the total growth in an entire growing season and the
rate or distribution of diameter growth over the growing season.
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Hardwood stands on both study sites are classified in the
Acer-Quercus-Vaccinium habitat type (Coffman et al. 1983). Those
overstory species common to both sites and included in the
analyses are northern red oa'" (Quercus rubra), paper birch
(Betula papyrifera), bigtooth aspen (Populus grandidentata),
quaking aspen (Populus tremuloides), and red maple (Acer rubrum).
A summary of stand information for both sites at the beginning of
the 1992 growing season can be found in Table 2.1; the change in
average dbh on the study sites for each year since 1984 is given
in Table 2.2.

The overall null hypothesis for the analyses is:

Hr There is no difference in the magnitude or the pattern
seasonal diameter increment before or after the ELF

antenna became operational.

This hypothesis is addressed by testing differences between the
control and the antenna sites and testing between post-
operational years and previous years. The system operated at low
levels throughout the growing seasons of 1986 (6 amps), 1987 (15
amps), and 1988 (75 amps) and at full power since 1989 (150
amps). The east-west antenna was de-energized for repairs early
in the 1991 growing season (May 8 through July 12) and during the
winter of 1991-92 (December 23 through March 28) (Appendix A).
Whenever possible, differences between sites and between 1989-92
and previous years are examined. Tests concerning the rate or
the distribution of diameter growth are made using the diameter
growth model discussed later in this section. Tests in previous
years (Mroz et al. 1988) have shown that there are no significant
differences in the parameters of the growth models between years
or among sites. Comparisons of post-operational years with
previous years are in part made by examining differences between
observed and predicted individual tree diameter growth over years
and sites. Differences in the magnitude or amount of seasonal
4iameter growth are examined through the analysis of covariance.
The analysis of covariance table used in this study is found in
Table 2.3. The analyses reported here are performed using data
collected through 1992. The 1993 data will be added to the
analyses following the completion of data collection and
laboratory analysis of the soil nutrient concentrations, a
critical covariate and predictor variable in the diameter growth
models.

Baa1l-n and Data Collection

To monitor diameter growth on both sites, permanent
dendrometer bands were installed in 1984 on all trees greater
than or equal to 10 cm dbh. Due to vandalism, 175 new bands were
installed on the control site in 1985. On the antenna site the
number of study trees was reduced from 209 to 197 in 1985 due to
a few band failures and a small vandalism incident unrelated to
that on the contro.l site. The death of one bigtooth aspen on the
control site reduced that sample to 274 trees in 1985. At the
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start of the 1987 growing season, the trees which had band
failures in 1985 on the antenna site, as well as all trees which
had become larger than 10 cm dbh since 1984, were banded on both
sites (Table 2.1). In 1988, there were three trees on th-
control site (two paper birch and one bigtooth aspen) which died.
This mortality in 1988 occurred on trees that had not grown
appreciably since 1984, indicating that they were not very
vigorous, and they probably succumbed to climatic stress during
the 1988 growing season. In 1989, additional trees which had
grown to exceed 10 cm dbh were banded giving a total of 220 trees
on the antenna site and 281 trees on the control site at the
start of the 1991 growing season. In 1991, there were two red
maples that died on the study plots at the antenna site. On the
study plots at the control site, 23 paper birch did not leaf out
in the spring of 1991. Upon inspection, it became obvious that
there had been an outbreak of bronze birch borer (Agrilus anxius
Gory.). This outbreak occurred across northern Michigan and
southern Canada (R. Heyd, Personnal Communication) and appears to
have been related to climatic conditions in the preceeding years
(Mroz et al. 1991, Jones et al. 1993). There were four
additional northern red oaks and four quaking aspen on the
control site which died in 1991, probably due to climatic stress.

In August, 1992, there was a severe windstorm at the control
site with damage to a number of banded trees on the study plots.
Most of the damage was caused by the blowdown of a large northern
red oak in the buffer zone which landed inside plot three. Three
bigtooth aspen, one red maple, and one northern red oak on the
study plot were broken off and killed by this falling tree. Six
additional trees suffered minor damage and six more received
heavier damage, but were not killed. These trees are being
monitored in 1993 and, if growth appears to be abnormally low,
they will be removed from the analyses. One additional tree in
plot one was broken off by the wind, but no surrounding trees
were damaged.

Bands were read to the nearest 0.01 inches of circumference
(0.008 cm of diameter) at both study sites beginning on April 14
in an attempt to insure monitoring of growth initiation. Weekly
measurements will continue into October until over 50 percent of
leaf fall takes place.

Growth Analvsis

Magnitude and rate of diameter increment were examined for
each species. Analysis of tree diameter is approached in two
ways. The analysis of covariance is used to determine if there
is any change in the magnitude of average yearly diameter growth
which may be due to ELF fields. Secondly, regression models
developed in past years (Mroz et al. 1988, Appendix C) are used
to further quantify the relationships between tree, site, and
climatic variables and tree diameter growth. These models are
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used to test for changes in both seasonal growth pattern within a
year and relationships affecting total annual growth due to ELF
fields. Examination of the differences between the observed and
predicted individual tree diameter growth is conducted to
determine if there have been changes in the effects of tree,
site, or climatic variables on individual tree diameter growth
and to examine the effects of the level of ELF field exposure on
diameter growth. The modeling analyses use information for all
trees, including those banded since 1985. The analysis of
covariance only utilizes growth information on trees which have
been banded for the entire study period.

Analysis of Total Seasonal Diameter Growth

At present, nine complete years (1984 through 1992) of
diameter increment data have been collected from trees on the
study sites. In 1984, first incremental growth was not collected
until early June due to a relocation of the control site.
Because of this, total diameter increment in 1984 was not derived
from dendrometer band data, but from spring and fall diameter
tape measurements of individual trees. Also, due to installation
and calibration of the ambient monitoring equipment, the climatic
variables were not completely available for 1984. For these
reasons, the 1984 diameter growth measurements are not included
in the analysis of covariance. The tree growth data from 1993
will be added to the analyses following the completion of data
collection and laboratory analyses of soil nutrient data which
are important covariates. Table 2.4 presents the total annual
diameter growth by species for each of the nine growing seasons,
even though data from 1984 are not included in the analyses.

Results of an intensive variable screening procedure to
select covariates to include in the analysis of covariance for
each species have been reported previously (Mroz et al. 1988,
Reed et al. 1992b). There have been no attempts to redefine the
set of covariates for each species this year. Since antenna
activity has increased, attempts to redefine covariates using
information from later years could be confounded with possible
ELF effects on diameter growth. The covariates used are total
air temperature degree days through May for red maple and through
September for the other three species, July soil potassium
concentration for all four species, soil water retention capacity
from 5 to 10 cm for red maple, and soil water retention capacity
from 10 to 30 cm for paper birch.

An initial analysis of variance, without covariates, was
performed for individual tree annual diameter growth for each
species (Table 2.5). In all four species, there were significant
(p<0.05) differences in individual tree diameter growth rates
among the study years. There were also differences (p<0.05)
between the study sites for all species. For aspen, there was a
significant site X year interaction. As indicated in previous
years, a logarithmic transformation was applied to the northern
red oak and red maple data prior to the analyses. An analysis of
covariance using the covariates listed previously indicated that
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Table 2.5. Significance levelsa/ for the analysis of variance and
covariance of individual tree diameter growth.

Species Source of Variation
Site Year Site I Year

Interaction

Analysis of Variance (No Covariates)

Northern Red Oak 0.0426 0.0000 0.8640

Paper Birch 0.0371 0.0000 0.4409

Aspen 0.0020 0.0000 0.0038

Red Maple 0.0153 0.0000 0.0839

Analysis of Covariance

Northern Red Oakbl 0.5933 0.0000 0.6272

Paper Birch 0.0682 0.0000 0.6252

Aspen 0.6678 0.0000 0.0019

Red Maple 0.8744 0.0000 0.0698

I

a/ A significance level less than 0.05 indicates a significant

difference at p=0.05.

b/ For northern red oak and red maple, a logarithmic transformation

was performed on individual tree diameter growth prior to
analysis.
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there were no detectable differences (p=0.05) in individual tree
diameter growth rates between sites for any of the four species.
There were differences among years for all four species and there
was a significant site X year interaction for aspen, indicating
that the relationship between individual tree diameter growth
rates on the two sites changed over time for this species.

To further investigate the yearly differences in total
annual diameter growth for each species, SNK multiple comparison
procedures (Zar 1980) were performed for each species. These
tests compared the average yearly diameter growth to determine
which years had similar levels of growth. The adjusted total
annual diameter growth from the analysis of covariance was ranked
by year from least to most as indicated below for each species
with years that had similar growth denoted by the same letter.

Northern Red Oak:

1 9 8 5 a 1 9 8 9 b 1 9 9 0 bc 1 9 9 1 bc 1 9 8 7 bc 1 9 9 2 cd 1 9 8 8 d 1 9 8 6 e

For northern red oak, there were differences among years as
noted previously. Years of full power antenna operation (1989,
1990, 1992) grouped among the years of testing. The one pre-
operational year (1985) had significantly lower adjusted mean
annual diameter growth than did the other years. There is no
clear evidence of an ELF effect on northern red oak annual
diameter growth.

Paper Birch:

1 9 9 2 a 1 9 8 9 a 1 9 9 0 a 1 9 9 1 a 1 9 8 7 b 1 9 8 8 b 1 9 8 6 b 1 9 8 5 c

For paper birch, the differences among years were ordered
chronologically, with the last four years (1989-92) having the
lowest growth and being similar to each other. The pre-
9perational year (1985) had the greatest growth while the
transitional years (1986-88) grouped at an intermediate level.
As noted by Jones et al. (1993), the paper birch mortality in
1991 appears to be due to climatic condition in the preceeding
years which is consistent with these findings from the analysis
of covariance. The surviving paper birch on the study sites have
not yet recovered from the stressful conditions in preceeding
years.

Aspen (Control Site):

1 9 9 0 a 1 9 8 9 a 1 9 9 2 a 1 9 8 8 b 1 9 8 7 b 1 9 9 1 b 1 9 8 5 c 1 9 8 6 c

Aspen (Antenna Site):

1 9 9 0 a 1 9 9 2 a 1 9 8 7 b 1 9 8 8 b 1 9 8 9 b 1 9 8 6 bc 1 9 8 5 c 1 9 9 1 d

Interpretation of the results for aspen is complicated by
the site X year interaction in the analysis of covariance. The
years were grouped differently at the antenna site than at the
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control site. For instance, 1991 was the year with the greatest
adjusted mean diameter growth at the antenna site; however, at
the control site adjusted mean diameter growth in 1991 was lower
than 1935 and 1986. For the antenna site, there is no clear
grouping of operational years, but 1986-1989, the years of
testing and the first year of full-power operation, are all
grouped similarly at the antenna site. These relationships
between growth on the two sites in different years are being
examined further in the diameter growth model analyses discussed
below.

Red Maple:

1 9 8 8 a 1 9 9 1 b 1 9 8 5 b 1 9 8 7 c 1 9 8 6 c 1 9 9 0 d 1 9 8 9 e 1 9 9 2 e

For red maple, there were no differences between sites in
the analysis of covariance. There were year differences with
1989 and 1992 having the greatest adjusted mean diameter growth
followed by 1990. These are the three years of full-power
antenna operation. On the other hand, the pre-operational year
(1985) was not different from 1988 or 1991. These relationships
are being investigated further in the diameter growth model
analyses discussed below.

One of the critical assumptions of the analysis of
covariance is that the covariates are independent of the
treatments, in this case the EM field exposure levels. Violation
of this assumption means that the effects of the fields could be
confounded with the covariates and the results given above should
be investigated further prior to concluding with certainty that
there is or is not an ELF effect on individual tree diameter
growth. The diameter growth model analyses discussed below
address these data in more detail using a method which explicitly
tests whether or not the EM field exposures are affecting
diameter growth.

Diameter Growth Model

Many of the relationships between diameter growth and tree,
site, and climatic variables can be expected to be nonlinear
(Spurr and Barnes 1980, Kimmins 1987). These nonlinear
relationships may include breakpoints or threshhold levels, or
other functional relationships which cannot be linearized or
easily accounted for in the analysis of covariance described
above. In order to supplement the analysis of covariance,
diameter growth models for each of the four species were
developed (Mroz et al. 1988, Reed et al. 1992a, Appendix C) to
further account for the variability in growth between sites and
among years. The growth model also provides an annual residual
(observed minus predicted growth) for each tree which can be
examined to see if the diameter growth following antenna
activation is diverging from patterns seen in previous years; no
similar quantity is available for individual trees from the
analysis of covariance. Since the seasonal pattern of diameter
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growth as well as total annual growth could be subject to ELF
field effects, the weekly cumulative diameter growth (cm) was
selected as the response variable.

Difference. in diameter growth since 1985 include
differences in the timing of growth between sites, differences in
the timing of growth among species, and differences in the timing
of growth among years (Mroz et al. 1986). Since the stand
conditions did not change drastically from 1985 through the 1990
growing seasons, these observed differences are largely due to
differences between species, climatic differences between years,
and physical differences between sites. These differences have
largely been accounted for in the diameter growth models (Mroz et
al. 1988, Reed et al. 1992a, Appendix C).

Cumulative diameter growth is broken into the component
parts of total annual growth and the proportion of total growth
completed by the date of observation. This simplifies the
testing for significant effects of ELF fields on tree diameter
growth. Cumulative diameter growth to time t is therefore
represented by:

CGt = (Total Annual Growth)(Proportion of Growth to Time t)

This formulation allows the testing of ELF field effects on
both the level of total annual growth (TAG) and the pattern of
seasonal growth. In the model, total annual growth is further
broken into the component parts of potential growth, the effect
of intertree competition, and the effect of site physical,
chemical, and climatic properties:

TAG = (Potential Growth)(Intertree Competition)
(Site Physical, Chemical, and Climatic Properties)

The degree of intertree competition is dependent on the distances
and sizes of neighboring trees. Since the original stand maps
extended only to the plot boundaries, the competitors of trees
near the boundaries could not be determined. For this reason,
only trees in the center 15 m could be utilized for the growth
model analyses from 1985 through 1989. In 1989, an additional 10
m buffer zone was mapped around each plot to allow the
utilization of more trees in the analyses. These border trees
were initially measured in the fall of 1989; the additional
trees are used in the analyses for the 1990 and subsequent
growing seasons.

The possible effects of ELF fields on total diameter growth
are investigated by examining the individual tree residuals
(observed growth minus the diameter growth predicted by the

model) each year. If there is an effect from ELF fields on
diameter growth, the residuals should increase or decrease,
indicating a divergence from past patterns of growth. Any
apparent increase or decrease in residuals can be further
investigated by examining the relationships between the residuals
and ELF field exposure variables for each site and year.
Possible changes in seasonal diameter growth pattern can be
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examined by looking at the expected pattern of growth from the
model and deviations from that pattern in the measurements.

Total Annual Diameter Growth

Differences between the predicted total annual diameter
growth and the observed value were obtained by site and year for
each species. If there is a change in the way a tree is
responding to site or climatic conditions then the model will not
perform as well. In other words, the differences between the
observed and predicted diameter growth will increase if an
additional factor is introduced which impacts tree growth.
Average residual and studentized 95 percent confidence intervals
for the average residual are given by site and year for northern
red oak in Table 2.6, for paper birch in Table 2.7, for aspen in
Table 2.8, and for red maple in Table 2.9. It should be
emphasized that the average residuals are not the predicted
average diameter growth values but they are the average
differences between the diameter growth predicted for each tree
and the measured diameter growth.

The differences in the numbers of observations indicated in
Tables 2.6-2.9 are due to the inclusion of the mapped trees in
the 10 m buffer zone in the calculation of the competition
indices for additional measured trees on the study plots. In
Table 2.6, for example, there were 49 observations at the antenna
site in 1990. This includes the 23 trees measured in the
previous years plus 26 additional trees the mapping of the buffer
zone allowed to be included in 1990. This means that more than
half of the observations used to calculate the average residual
were new in 1990 and were not included in the analyses in
previous years. This impacts the calculation of the studentized
95 percent confidence interval. Again from Table 2.6 at the
antenna site, the studentized 95 percent confidence interval was
calculated by taking the average residual ± t 2 2 ,05*0.0229 which
equals the average residual t 0.0474. In 1 .90 due to the
increased degrees of freedom in the t value and the reduction in
the standard error of the residuals due to the increased numbers
of trees, the studentized 95 percent confidence interval was
given by the average residual t 0.0366, a reduction of 23 percent
in the width of the interval. This increased the sensitivity of
the evaluations of changes from the growth trends predicted by
the model.

The information in Tables 2.6-2.9 deals with plot-level
average residuals and their variance, explicit examination of the
relationships with EM field exposure levels is given below. For
northern red oak, 1992 is the first year since the study began
when there was a difference in the average residual (as indicated
by non-overlapping 95% studentized confidence intervals for the
residuals) between the control and the antenna sites. Otherwise,
during the pre-treatment year (1985), the testing years (1986-
1988), full operational years (1989 and 1990), and 1991 when a
portion of the antenna was de-energized for repairs, there were
no differences in the average residuals between sites, indicating
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that there is very little evidence of an ELF effect on northern
red oak diameter growth. This is born out below in subsequent
analyses.

Paper birch growth has been severely reduced by c'imatic
conditions in recent years (Jones et al. 1993) and the trees have
apparently not yet recovered from these poor growing seasons.
The control site has been more severely affected, but there are
no differences in the average diameter growth model residuals
between the two sites in any year (1985-1992). This indicates
that there is no detectable impact of ELF fields on paper birch
diameter growth which is consistent with results detailed below.

Aspen annual diameter growth residuals were increasing at
the antenna site through 1988, while residuals at the control
site were consistent and not different from zero (Mroz et al.
1989). In 1989 and 1990, when the antenna was operating at full
power (150 amp), the residuals at the antenna site were not
different from zero. In 1991, when EM field exposure levels at
the antenna site were roughly in between those of 1987 and 1988,
the aspen average annual diameter growth residuals were much
greater than expected given existing climatic conditions. In
1992, when the antenna returned to full power operation, the
residuals at the antenna site were again not different from zero.
These results are consistent with a stimulation of aspen diameter
growth by ELF fields at the ranges of exposures on the antenna
site in 1987, 1988, and 1991. Further analyses investigating
this possibility are discussed below.

As discussed in previous years, both the antenna and control
site red maple residuals have generally been greater than or less
than expected growth in different years. This is consistent with
some environmental factor or factors which are not accounted for
by the growth model affecting red maple diameter growth. This
possibility is explicitly addressed in the analyses discussed
below.

As in past years (Mroz et al. 1992), further evaluation of
the effects of ELF fields on individual tree total annual
diameter growth was conducted by examining the level of exposure
to the magnetic flux generated by the antenna for all banded
trees using the interpolation equations given in Appendix A. In
the past, the primary method for assessing the relationships
between magnetic flux exposure and diameter growth was
correlation analysis. A more rigorous modeling approach was
taken this year as described below. Prior to conducting these
analyses, it was necessary to determine if there was serial
correlation among the residuals for different years from
individual trees. If there is a relationship between the
residuals from different years, one would expect residuals from
two successive years to be more highly correlated than those that
are two, three, or more years apart. A positive correlation
between residuals of different years would indicate that a tree
which had greater than expected growth in one year would tend to
have greater than expected growth in following years. A similar
relationship would hold for trees which had less than expected
growth. A negative correlation between residuals of different
years would indicate that a tree which had greater than expected
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growth in one year would tend to have less than expected growth
the following year. Similarly, a tree which had less than
expected growth in one year would tend to have more than expected
growth the following year.

The correlations between diameter growth model residuals in
different years were calculated and averaged by species and site
(Table 2.10). A one-year lag in the table indicates correlations
between successive years (1986 and 1987, 1987 and 1988, and so
on). A two-year lag indicates correlations between residuals two
years apart (1986 and 1988, 1987 and 1989, and so on), a three-
year lag indicates correlations between residuals three years
apart (1986 and 1989, 1987 and 1990, and so on), up through a
six-year lag (1986 and 1992). The lack of a significant
correlation implies that the assumption of a time independence
can be made during subsequent analyses and there is no need to
consider a time-dependent structure to the residuals. There has
been some variability in these comparisons from year to year
(Mroz et al. 1992). Following the 1992 growing season, the only
significant correlation in Table 2.10 is a one-year lag for red
maple at the antenna site. This correlation increased to -0.27
in 1992 after being -0.22 following the 1991 growing season.
Since these comparisons are tested at the p=0.05 level of
significance, approximately two significant correlations (of the
total of 48) would be expected in Table 2.10 due to chai.% alone.
We will continue to monitor these relationships after the
addition of the 1993 data but, for now, due to the inconsistent
results in different years, the fact that only one relationship
is statistically significant (which could be due to chance,
especially since it was not significant last year), and the
overall low levels of correlations (including the one which was
significant), the subsequent analyses were performed under the
assumption that there was no time dependent structure to the
data. If results from 1993 indicate that it is necessary to do
so, we will modify the 1993 analyses to account for a time
dependent structure to the red maple residuals at the antenna
site.

As discussed above, aspen at the antenna site showed greater
than expected growth in 1987 and 1988 during antenna testing, and
no change from expected growth in 1989, 1990, and 1992 when the
antenna was operating at full power. In 1991, aspen again had
greater than expected growth at the antenna site; this was the
time period when the section of the antenna nearest the site was
under repair and exposures were at levels between those of 1987
and 1988 at the antenna site. At least three studies have shown
similar responses of the aboveground portions of plants as shown
in Figure 2.1 (Wiewiorka and Sarosiek 1987, Krizaj and Valencic
1989, and Wiewiorka 1990). In all cases, there was a lower
threshhold of response, a stimulation of growth, and a gradually
decreasing effect at higher exposure levels.

In Table 2.11 and Figure 2.2, all observations from the
antenna site were placed in one of seven classes based on average
magnetic flux exposure level durir'7 a given growing season: less
than 0.5 mG, 0.5-1.5 mG, 1.5-2.5 mG, 2.5-3.5 mG, 3.5-5.5 mG, 5.5-
8.5 mG, and greater than 8.5 mG. Due to the extreme spatial
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Figure 2.1. The effect of EM fields on a) tomato yield
(Wiewiorka 1990), b) liverwort biomass (Wiewiorka and
Sarosiek 1987), and Lepidium sativum (Krizaj and Valencic
1989).
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Table 2.11. Number of observations and average diameter growth model residual
for each species by magnetic flux exposure class.

axposure Average Diameter Growth Model Residual (cm)
Level

Northern Rod Oak Paper Birch Aspen Red Maple
va n cm n cm n cm n CS

<0.5 19 -. 01.02 3 -. 0O0.02 11 .02..02 70 -.02_t.01

0.5-1.5 23 .071.03 6 -. 01±.01 11 .06..02 80 -. 00±.01

1.5-2.5 40 .07±.02 6 -. 13..06 9 .20_.03 101 -.05.t.0l

2.5-3.5 22 .08±.03 4 .03+.04 9 .15t.05 87 -. 04±.1O

3.5-5.5 10 .06±.03 0 - 7 .12±.02 41 -. 08±.1O

5.5-8.5 120 .O±.Ol 19 -. 13t.04 27 .01.t02 306 .05t.01

>8.5 27 .07..02 6 .01±.t04 18 .01±.03 133 .06.t.01
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Figure 2.2. The effect of EM fields on aspen diameter growth
residuals (and 95% confidence limits) from the antenna site
(1986-1992).
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variability of electric fields generated by the antenna (probably
due to their partial dependency on soil moisture and texture,
presence or absence of roots, etc.), magnetic flux is used in
these anu-yses to represent the entire spectrum of EM fields
generated by the antenna. For northern red oak and paper birch,
there is no pattern in the residuals that is related to magnetic
flux exposure levels. There is greater (p<0.05) than expected
growth at exposure levels for 1.5-5.5 mG for aspen as compared to
growth at low (< 0.5 mG) and high (> 8.5 mG) magnetic flux
exposure levels. These growth differences were also greater than
those from the control stands for the same time periods. For red
maple, there is greater growth at higher exposure levels than at
lower levels, but this analysis does not yet factor out the
corresponding growth for the same time periods at the control
site.

The approach used to quantify the relationships between the
diameter growth model residuals and magnetic flux exposure is a
modification of change point analyses (Ester~y and El-Shaarawi
1981) based on suggestions of El-Shaarawi.p' The following
equation was fitted for each species:

RAik = a 0 + b, RCk mGik<tl, mGik>t2

RAik = a 0 + b, RCk + co + cl mGik + c 2 /mGik tlawmGik-.t2

where RAik is the residual from the ith tree in the kth year at
the antenna site, RCk is the average repidual from the same
species at the control site for the kt year, AmGik is the
interpolated magnetic flux exposure level for the ith tree in the
kth year, and tI and t 2 are lower and upper threshholds of
effect, respectively. To insure that these equations are equal
at the threshholds, tI and t 2 were constrained during the
estimation process as follows:

tI = [-cO + (C0
2 - 4 cl c 2 ) 1 / 2 ] / 2 c1

t2 = [-cO - (c 0
2 - 4 cI c 2 )1 / 2 ] / 2 c1

For a given species, if no differences in growth exist
between the antenna and control sites, the a 0 and b, should equal
zero. A nonzero value of a 0 indicates an inherent difference in
productivity for the given species between the antenna and
control sites which is not accounted for by the diameter growth
model. A nonzero value of bI indicates that there is some
environmental factor not identified in the diameter growth model
which is affecting both sites. In this case, b, should be
approximately equal to one if the effect is equal at both sites.
If there is no response to the ELF fields, then co, cI, and c 2

1/ El-Shaarawi, A.H. 1993. Statistical approach for assessing
the impact of ELF operation on the ecosystem. Unpublished
document distributed at the 1993 ELF Environmental
Monitoring Program Technical Symposium, Sault Ste. Marie,
MI.
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should all equal zero. Nonzero values of these parameters
indicate an effect of the ELF fields on tree growth.

The equations were estimated using the SAS procedure NLIN
(SAS 1985). Thic procedure uses a recursive estimation process
which allows the estimation of ti and t2 simultaneously with the
other parameters. Estimates for the parameters in the equations
are given in Table 2.12. For paper birch, co, cI, and c2 are not
different from zero, indicating no effect of ELF exposures on
diameter growth. For northern red oak, c and cI are not
different from zero, but c2 was asymptotically different from
zero. A conservative conclusion is that northern red oak
diameter growth is not affected by the magnetic flux exposure
levels on the study plots.

For aspen and red maple, c ! c and c2 are all different
from zero, indicating that ELF fielýs have a significant effect
on tree diameter growth after accounting for temperature, soil
moisture, soil nutritional status, intertree competition, and
growth potential by the diameter growth model. These results are
consistent with the results from past years for aspen (Mroz et
al. 1992). In past years, the red maple results have been
confounded by the fact that there is apparently some
environmental factor which similarly affects the trees on both
the antenna and control sites, but which is not accounted for in
the diameter growth model (Mroz et al. 1992). The magnetic flux
equations incorporate the control site residuals and adjust for
this effect; as can be seen in Table 2.12, b, is significantly
greater than zero and slightly larger than one for red maple
which would be expected if some factor was affecting both sites
but was not accounted for in the diameter growth model.

The peak response was at 2.4 mG for aspen and 3.2 mG for red
maple. The lower threshhold is around 1 mG for both species and
the upper threshhold is between 6 and 7 mG. The magnitude of the
peak response is 0.14 cm for aspen and 0.08 cm for red maple.
These are increases of 48% and 74%, respectively, over the
average diameter growth of trees on the study sites since 1984.
For comparison, this is within the range of responses to nutrient
fertilization experiments for aspen (Van Cleve 1973). There is
still a considerable amount of variability in the responses of
individual trees to ELF fields (Figures 2.3-2.4) although the
cause of this is not clear.

Although the units used to measure exposure differ in
various experiments and different plant species seem to respond
to different exposure levels, but the response patterns in
Figures 2.3 and 2.4 are clearly similar to those in controlled
experiments using other species (Figure 2.1). When both field
studies and controlled experiments indicate similar response,
there is strong evidence of the responsiveness of plants to
electromagnetic fields and the consistency of this response in
different studies. Taken together, this provides strong evidence
(Moesteller and Tukey 1977) of a cause and effect relationship
between electromagnetic fields and plant growth stimulation.

The cellular mechanisms involved in mediating this response
are unknown. A recent review article (Grundler et al. 1992)
identifies three possible mechanisms of nonionizing
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Figure 2.3. Observed aspen annual diameter growth residuals from
the antenna site and estimated effect of EM fields on aspen
diameter growth.
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Figure 2.4. Observed red maple annual diameter growth residuals
from the antenna site and estimated effect of EM fields on
red maple annual diameter growth.
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electromagnetic field effects on cellular systems: 1) spin-
mediated electromagnetic effects in chemistry, 2) influences of
weak external fields on periodic processes in a nonlinear
dynamical method, and 3) biological signal tr.isduction and
amplification. There is some experimental evidence in support of
all three mechanisms.

Seasonal Growth Pattern

Possible ELF field effects on seasonal diameter growth
pattern are examined using the Kolmogorov-Smirnov procedure to
compare the distribution of seasonal diameter growth predicted by
the diameter growth model (Mroz et al. 1988, Reed et al. 1992a,
Appendix C) to the observed distribution of seasonal growth from
each plot each year. If an environmental factor which is not
accounted for in the growth model is significantly impacting
seasonal diameter growth, the observed growth pattern will differ
from that predicted by the model.

There were no significant differences between the observed
and predicted seasonal diameter growth pattern for northern red
oak on either site in 1986, 1987, 1988, 1990 (Mroz et al. 1991),
or 1992. In 1989 there was a significant (p<0.05) difference
between the observed and predicted seasonal diameter growth
patterns on one plot at each site. In 1991, there were no
differences at the antenna site and a difference on one plot at
the control site. Given these results, there is no evidence of a
significant effect of ELF fields on the seasonal pattern of
northern red oak diametel growth.

In past years there had been some differences between the
observed and predicted seasonal diameter growth patterns of paper
birch at both sites though there had been more differences at the
control site than the antenna site (Mroz et al. 1991). In both
1991 and 1992, there were no differences (p=0.05) between the
Qbserved and predicted seasonal diameter growth patterns for
paper birch at either site. The differences noted in the past
may have been related to the apparent climatic stress on these
trees and the subsequent mortality in the paper birch at the
control site (Jones et al. 1993). There is no evidence of a
significant ELF effect on paper birch seasonal diameter growth
pattern.

There was a significant difference (p<0.05) between the
observed and predicted seasonal diameter growth patterns of aspen
at the control site in 1986 and 1989. At the antenna site, there
was one plot, which contained only one aspen individual, which
had differences between the observed and predicted seasonal
diameter growth patterns in 1988, 1989, and 1990 (Mroz et al.
1991). In 1991 and 1992, there were no differences between the
observed and predicted seasonal diameter growth pattern at either
site. Since the two plots at the antenna site containing most of
the aspen individuals did not show any significant differences in
any year, there is no real evidence of a change in the seasonal
diameter growth pattern of aspen which could be attributed to ELF
fields from antenna operation.
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There were significant differences (p<0.05) between the
observed and predicted seasonal diameter growth patterns for red
maple on only a single plot at the control site in 1988, on a
single plot at the antenna site in 1986, and on a differer.n plot
at the antenna site in 1989 (Mroz et al. 1989). There were no
significant differences between the observed and predicted
seasonal diameter growth pattern for red maple on any plot at
either site in 1989, 1990, 1991, or 1992. There is, therefore,
no evidence of an effect of ELF fields on the seasonal diameter
growth pattern of red maple.

summdrv

1. With additional data and investigation of other
analytical alternatives, it has become apparent that the analyses
of covariance, which do not explicitly test for ELF effects on
tree diameter growth, must be supplemented by further analyses
which are discussed below. The analyses of covariance do not
indicate any differences between the antenna and control sites
for any species, though there is a significant site X year
interaction for aspen. These results are complicated by the
associations between c-he covariates and the ELF fields which
could mask differences in total annual diameter growth between
the two sites.

2. To provide a more robust analysis, the diameter growth
model was developed and used to overcome many of the possible
limitations of the analysis of covariance. Possible ELF field
effects are examined by determining if the differences between
observed and predicted diameter growth values are related to ELF
exposure levels. For aspen and red maple, the results provide
strong evidence of a stimulation of diameter growth at magnetic
flux levels of approximately 1 to 7 mG. These results are
consistent with the stimulation of aboveground production in
several other plant species in controlled experiments. There is
no evidence of an ELF effect on total annual diameter growth for
either paper birch or northern red oak.

3. There are no differences between the observed and
predicted seasonal diameter growth patterns for any of the four
species which are related to ELF exposure levels.
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Beedling Growth

Since young trees experience rapid growth rates, any
effects of ELF electromagnetic fields on growth may be more
easily detected on younger trees rather than on older more
slowly growing individuals. Other justifications for
investigating red pine seedlings are: 1) Michigan DNR
concerns over effects on forest regeneration, 2) the lack
of sufficient natural conifer regeneration on the study
sites for mycorrhizae studies, and 3) the magnetic fields
associated with the antenna ground rapidly decrease over a
short distance. Thus, planting of red pine at the antenna
and ground sites allows the study trees to be closer to the
electromagnetic source than mature tree plots which require
a buffer strip of trees along the right-of-way.

Total height (cm) and basal diameter (cm) increment on
the red pine seedlings are the response variables for
assessing possible ELF electromagnetic field effects.
Measurements made weekly (on seedling height only), every
two weeks (on seedling diameter only), and seasonally
(seedling height and diameter) allow examination of both the
total growth in a growing season as well as the distribution
of growth within the season. This study is conducted on the
ground, antenna, and control sites. A summary of the
average diameters and heights of trees still remaining in
the analysis at the end of each growing season at each study
site are found in Table 2.13. Trees which die or suffer
leader damage (by ice, insects, disease, etc.) are removed
from the growth analyses.

The evaluation of red pine seedling growth is divided
into two areas: 1) the determination of annual growth,
vigor, and survival, and 2) the evaluation of seedling
growth patterns as a function of time. The overall null
hypotheses tested in this phase of the study are:

HQ: There is no difference in the level of seasonal
diameter growth of planted red pine seedlings before
and after the ELF antenna becomes operational.

and

H There is no difference in the level or the pattern
oseasonal height growth of planted red pine seedlings
before and after the ELF antenna becomes operational.

As discussed earlier in the hardwood stand analyses,
evaluation of possible ELF electromagnetic fields effects on
height growth is approached in two forms: the level or
amount of height growth in a growing season is examined
using an analysis of covariance while the pattern of height
growth within a growing season is described through a
nonlinear height growth model. As mentioned earlier, the
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Table 2.43. Average diameter (ca) and height (qr) for each
site at the end of each year of this *tudy.a/

Sample Basal Total
Size Diameter (cm) Height (cm)

Ground

1984 300 0.450 7.18
1985 170 0.743 22.73
1986 130 1.315 38.65
1987 124 1.935 63.46
1988 117 2.567 95.54
1989 115 3.610 141.68
1990 112 4.786 181.79
1991 106 6.241 228.08
1992 104 7.583 284.05

Antenna

1984 300 0.441 16.80
1985 188 0.701 23.92
1986 158 1.283 41.10
1987 153 2.180 68.80
1988 137 2.862 103.43
1989 132 3.967 148.04
1990 125 5.435 192.73
1991 124 7.022 246.48
1992 121 8.302 299.50

Control

1984 300 0.459 18.96
1985 217 0.792 28.33
1986 203 1.370 50.86
1987 191 2.131 82.70
1988 184 2.726 117.71
1989 172 3.741 160.80
1990 168 5.107 206.28
1991 155 6.505 266.50
1992 148 7.745 328.68

a! These data include only trees which have not died or been
damaged either in height or diameter during the study years.
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ELF system has operated at low levels throughout the 1986 (6
amps), 1987 (15 amps) and 1988 (75 amps) growing seasons.
Since 1989 the system has operated at full power (150 amps).
However, as mentioned earlier, the east-west antenna was de-
energized for repairs early in the 1991 growing season (May
8-July 12) as well as from December 23 to March 28. Each of
these analyses examines possible site differences as well as
any existing differences between pre-operational years
(1985-1988) and post-operational years (1989-1993). The
analysis of covariance table used is the same as that found
in the hardwood studies (Table 2.3). Development of a
nonlinear height growth model from previous year's data
(Mroz et al. 1988 and Jones et al. 1991, Appendix C)
provides weekly residuals from the model for individual
seedling height growth. By examining the residuals,
comparisons may then be made between different levels of
antenna operation across time as well as any changes due to
site or climatic variables. Their effects on the amount and
timing of seasonal height growth can then be evaluated. The
amount of diameter growth in a growing season is analyzed
solely through an analysis of covariance.

Bannl14a and Data Collection

Areas at the antenna, ground, and control sites were
whole-tree harvested in June of 1984. These areas were
immediately planted with 3-0 stock red pine seedlings at a 1
m by 1 m spacing. This density provided adequate numbers of
seedlings for destructive sampling throughout the study
period, allowed for natural mortality, and will leave a
fully stocked stand when the study is completed. Following
planting, 300 seedlings at each site were randomly selected
and permanently marked for survival and growth studies.
Additional details concerning the establishment of the red
pine plantations can be found in past reports ( Mroz et al.
1985, 1986).

Natural mortality following the first full growing
season (1985) was 43 percent at the ground site, 37 percent
at the antenna site, and 28 percent at the control site.
This mortality was somewhat high due to the late planting
date which resulted in planting shock as well as desiccation
of seedlings during handling and planting. In addition,
Mroz et al. (1988) observed that 61 percent of the
apparently healthy seedlings that did not form terminal buds
following planting died, which further indicates the
inability of some seedlings to adapt to the planting site.
Precipitation during 1985 was adequate for seedling
establishment and competition around each seedling was
minimal. It is unlikely that these environmental factors
had a significant effect in causing this mortality. The
mortality that occurred in 1985 was not evident in
subsequent years (Table 2.13).
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Natural vegetative recovery following whole-tree
harvesting in 1984 increased in 1986. This vegetation
competed with the red pine seedlings for physical resources
such as moisture, nutrients, and light. Vegetation control
was necessary in 1986 to prevent the competing vegetation
from affecting the unrestricted growth of the seedlings. In
early June of 1986, competing vegetation was mechanically
removed from each plantation plot using gas powered weed-
eaters equipped with brush blades. This method was
successful in releasing overtopped seedlings and essentially
eliminating competition in 1986. Since then we have found
sufficient carryover effect to suggest that it was not
necessary to repeat weed control again, although woody stump
sprouts and aspen suckers were mechanically removed in 1989.

For red pine growth analyses, each of the live
permanently marked seedlings on each site was measured at
the end of the 1984 through 1993 growing seasons and the
following information recorded:

basal diameter (cm)
total height (cm)
terminal bud length (mm)
microsite
physical damage
presence of multiple leaders
number of neighboring seedlings

Information on microsite, physical damage, multiple leadered
seedlings, and the number of neighboring seedlings was
collected for use in explaining results of the growth
analyses. Those individuals suffering physical damage
severe enought to reduce growth as well as multileadered
individuals were identified and removed form the permanent
data set. Microsite described the physical environment in
the immediate vicinity of the seedling such as rocky soil
surface or proximity to a stump or skid trail. In 1988 this
measurement also included whether the seedling was located
in a frost pocket or not. This was based on a visual
determination of the surrounding topography. Any physical
damage to a seedling su-h as frost or animal damage was also
recorded. Some seedlings possess two or more leaders, none
of which expressed dor.iinance over the others, and this
situation was noted as well. In addition, beginning in
1987, the number of seedlings surviving in neighboring
planting spacings was also recorded to aid in describing any
future competition for light and moisture between
neighboring seedlings. In 1989, the position and the
elevation of each seedling was mapped on a coordinate
system; this is used in estimating exposure ELF fields. In
order to account for evident competition between seedlings
for available resources, additional measurements were made
on neighboring seedlings in 1990 - 1993. These measurements
included the distance of each neighbor to the seedling, the
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neighbor's diameter, height, previous year's growth, and
crown width.

To further describe the growth of the red pine
seedlings, a subsample of 100 seedlings per site was
selected from the permanently marked seedlings for weekly
height growth measurements. These weekly measurements were
obtained in 1985 through 1993. Measurements began in mid-
April while shoots are still dormant and continued until
mid-July when shoot elongation was completed. Measurements
were made from the meristematic tip or the tip of the new
terminal bud to the center of the whorl of lateral branches.

Growth Analysis

The two response variables in this segment of the study
are height and diameter increment of red pine seedlings.
Differences in total seasonal height or diameter increment
from site to site or from year to year are analyzed through
the analysis of covariance where tree, soil physical and
chemical properties, and climatological data are used as
covariates. The pattern of height growth in terms of the
elongation of the leading shoot during the growing season is
depicted through a growth model. This analysis supplements
the analysis of covariance to further account for the
variability between sites and over time. The model has been
developed to describe the pattern of weekly height increment
only and will be used to provide a weekly residual for each
tree. The residual is examined to determine if current year
shoot elongation changes from patterns observed in earlier
growing seasons.

Total Annual Heiaht and Diameter Growth

Covariate selection

Separate analyses of covariance examine differences in
seasonal height and diameter increment among the three sites
as well as from year to year. At this point there are nine
years of growth measurements (1985 through 1993). The 1993
growth and climate data are not yet completely edited and
summarized for inclusion in the analyses. All growth
analyses discussed include data from 1985 through 1992 only.
The average seasonal growth for each of these response
variables on each site at the end of each growing season are
found in Table 2.14. Covariates for analyses on both height
and diameter growth were selected based on an intensive
variable screening procedure discussed in previous work
(Mroz et al. 1988). No modification of covariates has been
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Table 2.14. Average seasonal diameter growth (,=) and height
growth (ca) for each site from 1985 to 1992.

1985 1986 1987 1988 1989 1990 1991 1992

Diameter Growth (cm)

Ground 0.27 0.53 0.60 0.54 0.95 1.07 1.42 1.33
Antenna 0.23 0.55 0.86 0.65 1.09 1.41 1.59 1.30
Control 0.32 0.57 0.76 0.61 1.02 1.33 1.48 1.21

Height Growth (cm)

Ground 5.08 14.28 23.75 28.70 41.99 36.64 46.00 52.59
Antenna 6.61 16.06 26.96 33.53 46.03 41.28 54.29 51.58
Control 8.34 22.34 31.87 35.02 42.73 43.89 62.34 43.81

a! These data include only trees which have not died or been
damaged either in height or diameter during the study years.,
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done;covariate determination was completed using information

collected prior to antenna operation.

Annual height growth

Past analyses (Mroz et al. 1988) indicated that use of
the previous year's site physical and chemical and climatic
data explained more site and yearly variation than the
current year's data when analyzing annual height growth.
For this reason, height growth occurring from 1986 to 1992
coupled with 1985 to 1991 soil physical and chemical
properties and climatic data are included in this particular
analysis. The use of the previous year's soil physical and
chemical properties and climatic data provides results that
are consistent with the fact that red pine is a species of
deterministic growth. Height growth in any year is strongly
related to the size of the terminal bud which was formed
under the previous year's site physical, chemical and
climatic conditions (Kozlowski et al. 1973). The covariates
identified from previous work (Mroz et al. 1988) were
implemented again in the analyses of covariance. These
covariates included average maximum air temperature for the
month of June, total Kjeldahl nitrogen in the upper 15 cm of
mineral soil during July, and water holding capacity from 10
to 30 cm in the soil.

Prior to the analysis of covariance, an analysis of
variance (no covariates included) was performed and highly
significant differences in height growth were found among
the three sites and among the three study years (p<0.001).
There was also a significant interaction between the study
sites and years (p<0.001) (see Table 2.15). With the
addition of the three above-mentioned covariates, existing
yearly differences in annual height growth still exist
(p<.05) in the analysis of covariance. A significant site-
year interaction also remained, indicating that the
relationship between individual tree height growth rates on
the three sites changed over time.

In order to identify where the significant differences
in average annual height growth exist among the study sites
and among the study years a SNK multiple comparison test
(Zar 1980) was performed on the adjusted mean height growth
values (Table 2.16). The test showed:

1) the ground and antenna sites.were not
(p=0.05) from each other each year, but
that the control site was different (p=0.05)
from the two test sites each year except
1989, 1991, and 1992

2) average height growth for each site is
significantly different (p=0.05) each year

The significant time factor is not surprising when
considering the young age of the seedlings. Early growth is
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Table 2.15. Significance levels from the analysis of height
growth (cm) and diameter growth (ca) with and without the
use of covariates.

Factor No Covariates Covariates

Height Growth (cm)

Site 0 . 0 3 9 2 a/ 0.3110

Year 0.0000 0.0000

Site X Year 0.0000 0.0000

Diameter Growth (cm'

Site 0.0001 0.0082

Year 0.0000 0.0000

Site X Year 0.0000 0.0000

a/ A significance level smaller than 0.05 indicates a
significant effect (p=0.05).
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Table 2.16. Significant relationships in the analyses of
covariance on both sites and among years for mean seasonal
height growth (cm) which 'ave been adjusted by the
covariate and arranged in order of magnitude from lowest tohighest.a

Pre-Operational (1986-1988)

A86a G86a G8 7ab G88ab A87b C8 6 b A88bc C87c C88c

Post-Operational (1989-1992)

G90cd G8 9 cde A9 0cde C8 9 de C9Oe C9 2 ef G91ef A89ef

C91f A91f A92f G92f

a! Different letters indicate significant differences (p=0.05)
in adjusted height growth. The letter G signifies the
ground site, A signifies the antenna site, and C signifies
the control site.
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generally sigmoidal in shape until the seedlings are older
and growth slows down and becomes more linear. An
assumption in the analysis of covariance is that the
covariates are independent of the lev--s of ELF magnetic
flux density (mG), in this case, each covariate selected
should not be correlated with the EM field exposure levels
to avoid confounding any possible effects of the fields on
tree growth. Because in previous years correlations between
covariates and EM field exposures have been found (Mroz et
al. 1992) and confounds the analysis of covariance further,
an alternate analysis which is discussed in the height
growth model analyses below addresses height growth in more
detail using a method which explicitly tests whether or not
the EM field exposures are affecting height growth on red
pine. Thus, at this point in time, the covariate analysis
indicates significant differences (p=0.05) among the three
sites and among all growing seasons. However, from this
particular analysis, there is not a clear picture of what
may be causing these differences.

Annual diameter growth

In the diameter growth analyses, the current season's
site physical, chemical and climatic data explained more
site and yearly variation than information from the previous
season. This is consistent with the physiological nature of
the seedlings. Thus, in the diameter growth analyses,
average annual growth from 1985 through 1992 were used in
the analyses.

As found last year, the existence of multicollinearity
reduced the number of covariates in this analysis by one;
only three variables now are used in the analysis. Minimum
air temperature in May no longer adds to the analysis and
was removed. The three remaining variables explaining the
greatest amount of variation were: air temperature degree
days through August (on a 4.40 basis), total Kjeldahl
nitrogen in July, and available water at 10cm in the month
of August. The selection of climatic variables is
consistent with the fact that cambial growth begins a little
later than shoot elongation (which begins in mid-April) and
is only two-thirds completed when shoot growth ceases (end
of July). The need to include variables to account for soil
nutrient differences and possible moisture stresses is also
consistent with other covariate selections.

Initial analysis of variance (without the use of
covariates) found highly significant differences among sites
and among study years (p<0.0001). There also was a
significant interaction between study sites and years
(p<0.0001) indicating that the trends in growth on the sites
were not constant from year to year (Table 2.15).
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With the addition of the covariates, neither site
differences (p=.0082) nor yearly differences (p<0.001) were
completely explained and a site-year interaction (p<.001)
still remained (Table 2.15). Because of te existing
differences, SNK multiple comparison tests (Zar 1980) were
employed to examine the adjusted diameter growths from the
covariate analysis on each site during each study year.
Table 2.17 depicts the differences (p=0.05) among the sites
and among the study years.

Each of the three test sites are significantly
different (p=0.05) from one or both other sites before and
after the antenna became operational. At the same time, the
diameter growth at each site was generally different
(p=0.05) each year both before and after the antenna became
operational. However, except for the 1987 growing season,
the diameter growth patterns were consistent from year to
year among the three sites; diameter growth either
increased or decreased in a given growing season at all
three sites (Figure 2.5). There are existing significant
correlations between covariates and EM field exposures (Mroz
et al. 1992) which helps to present a confounded picture.
Zhang's work (1992) found site differences in red pine
biomass were due to differences in site characteristics;
therefore, the existing differences in average annual
diameter growth from the covariate analysis may be the
result of site characteristics not accounted for by the
covariates rather than the EM fields.

Seasonal Pattern of Height Growth

Height growth models based on incremental seasonal
growth of the leading shoot were developed (Jones et al.
1991, Appendix C). Possible ELF field effects were examined
through the residuals from the growth model (observed height
growth minus predicted height growth) and compared by site
and year to determine if they remain the same, increase, or
decrease. They also evaluate changes that might occur in
the pattern or timing of seedling height growth among the
three study sites or from year to year (Jones et al. 1991
and Mroz et al. 1988). The model is comprised of two
components. Previous work by Perala (1985) found that
climatic conditions were more useful predictors and could
explain much of the variation in the timing and the amount
of shoot elongation among sites. In this study air
temperature degree days (on a 4.40 C basis) is the ambient
variable comprising the first component. To further explain
the variation in the system, a negative exponential
component modifies the expected growth based on soil water
tension (Zahner 1963). The height growth model provides an
weekly residual for each seedling at each site each year
where the residual is equal to observed individual tree
height growth minus predicted individual tree height growth.

128.



Table 2.17. Significant relationships in the analyses of
covariance on both sites and among years for mean seasonal
diameter growth (cm) which have been adjusted by the
covariat.. and aranged in order of magnitude from low-at tohighest.a

Pre-Operational (1985-1988)

G86a G85a A8 5ab C87ab G87ab C8 5 bc C8 6 cd A86d G88d

C88e A87ef A88f

Post-Operational (1989-1992)

G90f C90g G899 A8 9 h G92h A90h C8 9 h A9 2 h C92i

G91J C91k A91 1

a/ Different letters indicate significant differences (p=0.05)
in adjusted diameter growth. The letter G signifies the
ground site, A signifies the antenna site, and C signifies
the control site.
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Figure 2.5 Adjusted height growth (cm) for the three study sites from
1986 to 1992.

* II I I

0
CC

0

i •i

II

3.0

"" w
.•. -

I,.

* *1 I

* I I I i-

(uI ) -. OI: a bI•L J IQ ]j$1lQ



If there is any change attributable to EM fields in the
height growth from previous years, the residual will either
increase or decrease. Although the cumulative curves may
mask any possible absolute differences, the advantage in
standardizing is that established proportions of growth may
be examined.

As discussed earlier with the hardwood diameter growth
residual analysis, the independence of the red pine height
growth residuals with respect to time was tested before any
further analysis. The correlations between seedling height
growth residuals were calculated and averaged by site. A
one year lag compared the correlations between successive
years (1986 and 1987, 1987 and 1988, 1988 and 1989, 1989 and
1990, 1990 and 1991, and 1991 and 1992). Similarly, a two
year lag compares correlations which are two years apart, a
three year lag compares correlations which are three years
apart, a four year lag compares correlations which are four
years apart, and a five year lag compares correlations which
are five years apart. Significant correlations (p=0.05)
were found fo the first time (Table 2.18). There was a
significant correlation between residuals in a one-year time
lag at all three nites and between residuals in a two-year
time lag at the ground and antenna sites. Because no
correlations for any of tle time lags at any of the three
sites were significantly different from zero (p=0.05) for
any time lags in previous years and because all of the
significant correlations were generally low (the significant
correlations have p-values between 0.01 and 0.005),
subsequent analyses were performed under the assumption that
there was no time dependent structure to the data. If
results from 1993 indicate that it is necessary to do so,
the 1993 analyses will be modified to account for a time
dependent structure to the red pine height growth residuals.

Examination of the residuals from 1986 through 1992
found no significant differences (p=0.05) between the
observed proportions and the predicted proportion of
seasonal height growth (Table 2.19 and Figure 2.6). The 95%
studentized confidence intervals from all sites overlapped
zero as well as overlapping each other. However, the
inconsistent pattern in residual values from year to year
indicates that there may be some environmental factor cr
factors which are not accounted for by the growth model.
Therefore, additional analyses using these residuals was
incorporated in the same manner with which the hardwood
residuals from the diameter growth model were addressed.

The average residuals generally showed predicted height
growth was greater than that which was observed each growing
season. As discussed previously in the hardwood section,
all red pine observations from the ground and antenna sites
were placed in one of seven classes based on average
magnetic flux density exposure level during - given growing
season. The classes ranged from < 0.5 mG up to > 8.5 mG
(see Table 2.20 and Figure 2.7). From Table 2.20 and Figure
2.7, it is apparent that the same trend which was found for
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Table 2.18. Residual analysis from the height growth model for
the ground, antenna, and control sites (1986-1992).

Year Average Weekly Studentized 95%
Residual Confidence Interval

(cm) (cm)

Ground Site

1986 -0.0568 (-0.2019, 0.0833)
1987 -0.0762 (-0.2998, 0.1474)
1988 -0.0400 (-0.3216, 0.2417)
1989 -0.1098 (-0.3430, 0.1234)
1990 -0.1466 (-0.6388, 0.3456)
1991 -0.1020 (-0.5006, 0.2966)
1992 0.0111 (-0.6101, 0.6322)

Antenna

1986 -0.1093 (-0.2258, 0.0072)
1987 -0.0708 (-0.2608, 0.1192)
1988 0.0427 (-0.2564, 0.3418)
1989 -0.1533 (-0.3847, 0.0781)
1990 -0.1577 (-0.7057, 0.3899)
1991 -0.1074 (-0.5054, 0.2906)
1992 0.0247 (-0.6107, 0.6601)

Control

1986 -0.0687 (-0.2600, 0.1226)
1987 -0.0562 (-0.2723, 0.1597)
1988 -0.0600 (-0.3238, 0.2038)
1989 -0.1091 (-0.3555, 0.1373)
1990 -0.1348 (-0.7494, 0.4797)
1991 -0.0967 (-0.5892, 0.3958)
1992 0.0385 (-0.7915, 0.8685)
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Table 2.19. Autocorrelations for one through six year lags at
the ground, antenna, and control sites (1985-1992).

Ground Antenna Control

One-Year Lag 0.3655 * -0.2813 * 0.3528 *

Two-Year Lag -0.2601 * -0.2924 * -0.1695

Three-Year Lag -0.1408 -0.2419 -0.2003

Four-Year Lag -0.0748 0.0853 -0.1238

Five-Year Lag -0.0731 0.0026 -0.0526

Six-Year Lag 0.0728 0.0077 0.0365

A * indicates that the correlation coefficient is significantly
different from zero (p=0.05).
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Figure 2.6. Red pine height growth resiLduals for the three study sites from
1986 to 1992.
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Table 2. 20. Number of observat ions and deviat ion f ron expected
growth for each species by magnetic flux exposure class.

zxposure Deviation from Zxpected Growth a

Level

Ground Antenna

n cm n ca

<0.5 91 -l.06+t.09 117 -1.35_t.08

0.5-1.5 66 -1.09+t.12 75 -1.26±t.22

1.5-2.5 44 -1.38-s..20 55 -0.71±_.36

2.5-3.5 40 -1.38_t.24 44 -0.59.t.36

3.5-5.5 53 -1.30_t.21 68 -1.17.t.26

5.5-8.5 30 -1.24z+.39 36 -1.39;+.30

>8.5 63 -1.32+2.31 44 -1.57.t.22

a! Average observed minus predicted height growth.

135.



Figure 2.7. Red pine height growth versus EM fields at the antenna site
for 1986 to 1992.
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the residuals for aspen diameter growth is also true for the
residuals for red pine height growth. The larger residuals
at exposure levels of 1.5 to 3.5 mG indicate a greater than
expected growth (0.05<p-).10) as compared to the growth at
low (< 0.5 mG) and high (> 8.5 mG) magnetic flux density
exposure levels. This trend with residuals from the red
pine height growth analysis was not apparent at the control
site.

To quantify these relationships between residuals and
magnetic flux exposure, the modified change point analyses
(Esterby and El-Shaarawi 1981) described in the hardwood
section were employed. Estimates of the parameters from
this analysis are given in Table 2.21. For red pine, co,
cI, and c 2 were all significantly different from zero
(p=0.05) at both the antenna and ground sites. This
indicates that there is an effect of electromagnetic fields
on tree growth after accounting for site and climatic
factors used in the height growth model. The peak response
was at 2.2 mG; the lower threshhold was approximately 1 mG
and the upper threshhold was approximately 6-7 mG. These
results are consistent with those found in the hardwood
section as well as several plant species in controlled
experiments, though at differenct exposure levels (Krizaj
and Valencic 1989, Wiewiorka 1990, Wiewiorka and Sarosiek
1987).

The Kolmogorov-Smirnov procedure was employed to
examine if EM fields affected the seasonal height growth
pattern. Differences in the distribution of observed
cumulative growth percentage and that predicted by the
growth model were calculated for each plot at each site for
the 1986 throught the 1992 growing seasons. If an
enviromental factor which is not accounted for in the growth
model significantly impacts seasonal height growth, then the
observed growth pattern will differ from the predicted and
the difference between the two will be significantly
different from zero. Figures 2.8, 2.9, and 2.10 illustrate
the observed and predicted cumulative growth percentages at
each site for the 1992 growing season. There were no
significant differences (p=0.05) between the observed and
predicted distributions of growth on any plot at any site
during this year; this result has held true for all study
years to date (1986 through 1992). This suggests that ELF
fields have had no significant impact on the pattern or
distribution of seasonal height growth through the 1992
growing season.

Surmnar

1. The analyses of covariance indicate that diameter
and height growth differences do exist among sites and
years. The analyses is confounded because of the violation
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Figure 2.8. The observed versus predicted height growth for red pine at the
ground site in 1992.
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Figure 2.9. The observed versus predicted height growth for red pine at the
antenna site in 1992.
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Figure 2.10. The observed versus predicted height growth for red pine at the
control site in 1992.
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of some assumptions and thus the differences can not be
directly attributed to EM field exposures.

2. The individual height growth model was developed to
supplement the analysis of covariance. Effects due to ELF
fields were examined by determing if a relationship existed
between the growth model residuals and the EM field
exposures. The results showed a stimulation of height
growth at magnetic flux levels of 1 mG to 7 mg.

3. Results from the Kolmogorov-Smirnov test indicate
that there is no difference between the observed and
predicted seasonal height growth patterns due to ELF EM
fields through the 1992 growing season.
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Red Pine loliaae

The macronutrients (N,P,K,Ca, and Mg) are important
constituents of plant tissues, catalysts in biochemical reactions
in plants, osmotic regulators in plant cells, and regulators of
plant cell wall permeability (Kramer and Kozlowski 1979). Thus
an adequate supply of macronutrients is needed by plants to
remain healthy and complete a normal life cycle (Binkley 1986,
Kramer and Kozlowski 1979). Healthy individuals of a given
specie which receive adequate supplies of nutrients will
generally exhibit (at a given developmental stage and time of the
year) relatively consistent macronutrient concentrations and
ratios in a specific type of tissue (Ingestad 1979). This
consistent relationship among the nutrients primarily reflects
the biochemical requirements which are determined by the genetic
composition of the individual plant specie. However, the amounts
of biochemical constituents and thus macronutrients change when
the plants are stressed by either natural or anthropogenic
sources. Often these changes in the biochemistry of the plant
are evident long before external signs of the stress are
manifested (Margolis and Brand 1990). Given the importance of
the macronutrients to plant health and the sensitivity of
nutrient concentrations in plant tissue to plant stress,
macronutrient concentrations in plant tissue would appear to be a
valuable indicator of plant responses to ELF electromagnetic
radiation.

Foliar nutrient analysis is the most widely used type of
tree tissue analysis because foliage contains the highest
concentrations of nutrients in the tree and is the active area of
photosynthesis (Mead 1984, Pritchett and Fisher 1987). Thus
sampling of red pine foliage and subsequent macronutrient
analysis is performed annually to determine 1) whether ELF fields
can affect the nutrition of the red pine seedlings and 2) whether
red pine foliar nutrient status is a useful tool for explaining
site differences in red pine growth rates. The following
hypothesis is used to meet the goals stated in the first
objective. Objective 2 will be addressed later after hypotheses
related to the growth rates of the red pine and objective 1 has
been answered.

Ho: There is no difference in the foliar nutrient
concentrations of red pine seedlings before and after the
ELF antenna becomes activated.

Aamnline a Data Collection

Samnlina and Chemical Analysis

Red pine foliage was collected from 50 seedlings per site at
the time of planting, from 45 seedlings per site in October of
1984 and from 15 seedlings per site thereafter in October of each
year. Seedlings selected are the same seedlings selected for
destructive sampling in the leaf water potential and mycorrhizal
studies. Measurements associated with the other two studies
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(basal diameter, height, current height growth, etc.) are also
available for data analysis in this portion of the study. At
each collection period all one year old fascicles are removed
from the tree. Approximately 100 to 200 fascicles are then
randomly selected for foliar analysis. The fascicles are then
dried at 600 C, ground, and analyzed for concentrations of N, P,
K, Ca and Mg.

A semi-micro Kjeldahl method is used for the determination
of total N and P. After digestion concentrations are measured
colorimetrically with a TRAACS 800. Ca, Mg, and K are determined
by a Atomic Absorption Spectrophotometer after ashing and
dissolution by hydrochloric acid. As a laboratory quality control
measure for Ca, K, and Mg, National Bureau of Standards (NBS) red
pine foliage is analyzed with the red pine samples collected from
the three sites.

During 1993 foliar concentrations from the NBS samples were
used to determine if foliar concentrations reported are within
the quality control objectives (within +/- 10%) for this portion
of the study. If foliar concentrations determined by the
laboratory for a given group of samples were outside these limits
(as determined from NBS certified values for Ca, K, and Mg),
concentrations for the specific nutrient and group of samples
were adjusted using results from the NBS standard. To date the
only adjustments required were for K in 1987 and 1988 givent
these criteria.

Data Analyvis

Comparisons of foliar nutrient concentrations among sites
and years follow the split-plot and time experimental design.
Specific differences for a given nutrient are determined through
the split-plot analysis of variance or covariance (Table 2.22)
and SNK multiple range tests. The determinate growth patterns of
red pine dictates that site and tree conditions at the time of
bud set and foliage expansion can influence foliar nutrient
concentrations. Thus nutrient concentrations of one year old
fascicles can reflect conditions and nutrient regimes during bud
set and leaf expansion as well as the amount and extent of
translocation of nutrients from and to the foliage during the
year of sampling (Van Den Driessche 1984). For one year old
needles, time of leaf expansion and bud set are respectively one
and two years prior to the year of foliage sampling. Thus
covariates considered for inclusion in the analysis were factors
measured two and one years prior to sampling as well as the year
during saimpling. The range of factors considered as potential
covariates for this portion of the study were listed in previous
reports (Mroz et al. 1993)

Evaluation and selection of covariates was performed using
four years of data (1986-1989). Bud set and leaf expansion of
the one year old foliage collected during this period was prior
to 150 amp antenna operation. Thus, foliar concentrations during
these four years were considered to be unaffected by the antenna
operation. Acclimation of the foliar concentrations to site
conditions were judged to be incomplete in 1985 and not included
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Table 2.22 Anova table used for analymim of each individual
macronutrient concentration

Source of Variation D.F. M.S. F-Test

Covariate # Group A Coy. 1  MSCa MSCa/MSE P(S)

Site 2 MSS MSS/MSE P(S)

Error P(S) 3(2)-# Coy MSE P(S)

Covariate # Group B Cov. MSCb MSCb/MSE YxP(S)

Years # Years-1 MSY MSY/MSE YxP(S)

Site x Years (2) (Years-i) MSSY MSY/MSE YxP(S)

Error YxP(S) (Years-l)3(2)- #Cov MSSYxP(S)

1 Group A covariates differ by site but not by year
Group B covariates may differ among sites and years

with the 1986-1989 developmental data (Mroz et al. 1991).
Variables which were not significantly correlated (p_.05)

with the foliar concentrations were eliminated from covariate
consideration. The remaining variables were further evaluated
using the ANCOVA model. Covariates, which were significant in
the model at the p=.10 level for a given foliar concentration,
were combined to determine if performance of the covariates were
enhanced when used together. Finally covariates or covariate
combinations which were significant (p=.10) were compared.
Covariates or combination of covariates which had the highest p-
value from this group were then selected for use in the final
analyses. Individual covariates or groups of covariates were
included in the analyses if they increased the sensitivity of the
analysis or reduced the variation associated with the independent
factors in the analysis, while maintaining the statistical
assumptions inherent to analysis of covariate procedures.
Results from this work was initially reported in the 1992 report
(Mroz et al. 1993). Due to adjustments in foliar concentrations
of K for the 1987 and 1988 samples as well as an error with the
coding of tree measurements for the samples collected in 1987,
this work was repeated again this year. This was done to
incorporate the correct tree measurements for 1987 and the
corrected foliar K concentrations for 1987-1988 into the
covariate determination from the 1986-1989 data set.

After covariate selection, analysis of variance and
covariance were performed using seven years of information (1986-
1992) to determine differences in foliar concentration among
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sites and years. The coefficients of the selected covariates for
the ANCOVA tests were not constrained to preantenna operational
values and were refitted using the additional three years of
data. Multiple range tests (SNK) were used to determine
differences among sites, years, or site by year groups after
significant ANOVA or ANCOVA tests.

To further investigate the potential effects of ELF fields
on red pine nutrition, differences between the mean foliar
concentration at the control and the foliar concentration of each
sample tree at the test sites for a given nutrient and year were
compared to the magnetic field exposure estimated for the
location of the sample tree for that year. Only trees sampled in
1990-1992 were used for this part of the study because prior to
1990 tree locations were not recorded and/or the antenna was
operated at differing levels of power during the year of foliage
development and sampling. Since only the years 1990-1992 were
used in this comparison, variation in ELF exposure represents the
variation in field strengths within plots and not variation with
preoperational and operational time intervals. Relationships
between magnetic fields and differences in foliar nutrient
concentrations between the control and sample trees at the test
sites were quantified using Pearson Product Moment Correlation
Coefficients.

Adjustments to foliar concentrations as indicated by NBS
samples were included in the reported values of K for 1987 and
1988. Foliar concentrations of K for all sites for 1987 were
increased by 0.06%. Foliar concentrations of K were decreased
between 0.05 and 0.06% for a subset of the samples collected in
1988.

Nutrient concentrations and standard deviation for each site
and year from 1986-1992 are presented in Table 2.23. In general,
most nutrient concentrations have been found to be above or near
levels reported for adequate growth of red pine. Critical foliar
concentration levels have been reported for Mg (0.05%), and Ca
(0.12%), while concentrations of N above 1.0% and P above 0.16%
have been found to be adequate for growth in plantations (Stone
and Leaf, 1967; Hoyle and Mader, 1964; Alban, 1974). Only K
concentrations have consistently remained low during the study.
K concentrations of .30-.51% have been reported for low to
deficient levels for red pine in plantations (Hieberg and
Leaf,1961; Madgwick, 1964). Concentrations of N in 1989 were
below 1% for the first time during the study. In 1990-1992
nutrient concentrations increased above 1.0%. Nutrient
concentrations are ranked in the order: N > K > Ca > P > Mg for
all years sampled.

Standard deviations of individual nutrient concentrations
are generally within 10 to 20% of the mean for all sites and
years (Table 2.23). Standard deviations during 1984 after
planting and 1985 were generally higher than the other years due
to the initial acclimation of red pines to the site. The small
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Table 2.23. Mean and standard deviation of foliage nutrient
concentrations for red pine seedlings at ELF study
sites (1986-1992)

Site N% P% K% Ca% Mg%

1986
Ground 1.42(.16) 0.13(.01) 0.47(.06) 0.19(.03) 0.08(.01)
Antenna 1.59(.12) 0.14(.02) 0.51(.04) 0.18(.03) 0.08(.01)
Control 1.34(.20) 0.13(.01) 0.49(.06) 0.23(.03) 0.09(.01)

1987
Ground 1.06(.12) 0.11(.01) 0.40(.07) 0.21(.02) 0.09(.01)
Antenna 1.10(.16) 0.12(.02) 0.39(.04) 0.24(.07) 0.09(.01)
Control 1.04(.15) 0.12(.01) 0.42(.06) 0.23(.03) 0.09(.01)

1988
Ground 1.16(.14) 0.14(.02) 0.52(.06) 0.25(.05) 0.11(.01)
Antenna 1.27(.15) 0.15(.02) 0.51(.07) 0.22(.04) 0.10(.01)
Control 1.17(.09) 0.13(.01) 0.48(.04) 0.25(.05) 0.09(.01)

1989
Ground 0.99(.13) 0.14(.03) 0.33(.06) 0.25(.04) 0.11(.01)
Antenna 1.10(.20) 0.13(.01) 0.33(.03) 0.27(.04) 0.10(.01)
Control 0.98(.12) 0.16(.04) 0.33(.03) 0.27(.04) 0.10(.01)

1990
Ground 1.06(.10) 0.13(.02) 0.38(.03) 0.31(.06) 0.10(.01)
Antenna 1.11(.07) 0.14(.01) 0.38(.04) 0.29(.05) 0.10(.02)
Control 1.20(.07) 0.15(.03) 0.38(.05) 0.31(.06) 0.10(.01)

1991
Ground 1.09(.08) 0.14(.03) 0.39(.04) 0.28(.05) 0.09(.01)
Antenna 1.07(.07) 0.17(.05) 0.37(.04) 0.27(.04) 0.09(.01)
Control 1.12(.10) 0.13(.03) 0.40(.05) 0.30(.04) 0.10(.01)

1992
Ground 1.07(.06) 0.13(.04) 0.38(.06) 0.28(.04) 0.09(.01)
Antenna 1.02(.10) 0.17(.08) 0.33(.06) 0.26(.04) 0.09(.01)
Control 1.03(.06) 0.14(.04) 0.36(.04) 0.26(0.5) 0.08(.01)

variation during 1986-1992 reflects the relatively uniform
conditions within a site and the lack of genetic variation in red
pine.

Covariate Selection: Covariates selected from the analyses
are presented in Table 2.24 along with the p-value and detection
limits for the ANOVA and ANCOVA tests using the covariate
developmental data. Addition of covariates generally reduced
detection limits associated with the factors rather than
explaining any potential differences associated with a given
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Table 2.24. Results of red pine foliage nutrient analyses of
variance (p value) and computed detection limits
(M) with and without covariates for covariate
developmental data (1986-1989).

-------------------- P Value------------------
N P K Ca Mg

Without Covariates
Site .042 .060 .946 .139 .016
Year .000 .000 .000 .000 .000
Year x Site .249 .451 .276 .410 .008

Without Covariates
Site 7.0 4.4 6.3 7.7 2.8
Year 5.0 5.6 5.7 10.4 4.8
Year x Site 8.6 9.8 9.9 18.0 8.4

-------------------- P Value------------------
N1 p2  K3  Ca 4  Mg5

With Covariates
Site .019 .163 .187 .382 .016
Year .000 .076 .000 .093 .000
Year x Site .298 .041 .083 .084 .003

With Covariates
Site 4.4 4.1 3.4 9.4 2.7
Year 5.1 4.5 4.3 8.4 4.3
Year x Site 8.9 7.8 7.4 14.6 7.5

ICovariate=Basal diameter normal probability density -0.50
2 Covariate=Mean soil water potential 5cm (September)& soil temperature 10cm

(June) current year
3 Covariate=Basal diameter normal probability density-0.50, soil water

potential 10cm July previous year, & soil temperature 5cm (May) current year.

(Only 1987-1989 data was used in this analysis due to the lack of soil

moisture data in 1985)
4 Covariate=Soil moisture 10cm (June) & soil temperature 10cm (May) current

year
5Covariate=Sum of current year degree days (April 15-Aug.31) and previous year

degree days (June 15-September 31).
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factor. However, covariates did explain differences among years
for P and Ca. Detection limits associated with year and site by
year interactions for N were increased rather than decreased with
the addition of covariates (Table 2.24). Covariates observed for
each individual tree, such as basal diameter normal probability
densities, were significant covariates for N and K
concentrations. Soil moisture and soil temperature were
significant covariates for P, K, and Ca while growing season
degree days was a significant covariate for Mg concentrations
(Table 2.24). Decreases in detection limits for the various
factors were between 0.1 and 3.4% after inclusion of the
covariates. Increases in N detection limits were .1 to .3%
respectively for site and site by year interactions.

Application of these covariates to the 1986-92 data set also
decreased the detection limits for practically all factors and
nutrient concentrations. Only detection limits associated with
year and site by year interactions for N and site factors for Mg
were increased (Table 2.25). Although detection limits were
generally reduced, covariates frequently did not explain a
significant proportion of the variation in the nutrient
concentrations when applied to the entire data set. Only the
covariates used with the Ca and Mg analyses were significant for
at least one of the error terms in the ANCOVA. Although the
combination of the covariates for a given nutrient did not
explain a significant portion of the variation of these
nutrients, a number of individual covariates in a group did have
coefficients which were significantly greater or less than 0.

One of the assumptions inherent with the ANCOVA tests is
that the relationships between the covariates in the ANCOVA and
foliar nutrient concentrations are homogeneous with regard to ELF
antenna fields. A change in relationship between the covariate
and foliar concentrations with regard to ELF fields is indicated
by a significant difference in the coefficients derived from the
test sites after full power operation compared to coefficients
derived from the test sites prior to full power antenna operation
ind the control site. Analyses used to test these assumptions
indicated that coefficients associated with the N, K, and Ca
ANCOVA's did not significantly differ (p=0.05) between these two
groups of data. Although all covariates were selected using data
prior to full power ELF antenna operation, coefficients
associated with sum of current year degree days (April 15-Aug.31)
and previous year degree days (June 15-September 31) for the Mg
analysis and soil temperature (10cm) in June of current year for
the P analysis differed significantly (respectively p=0.022 and
p=0.006) between the full power operational time periods at the
test sites compared to the control and the preoperational periods
at the test sites. If coefficients for these covariates continue
to differ significantly with the inclusion of the 1993 foliar
nutrient concentrations in the final analysis, the covariates
will be removed in order to maintain the assumptions of ANCOVA.

Site & Year Comparisons: ANOVA tests indicated significant
(p_0.05) differences among years for all nutrients and among
sites for Mg (Table 2.26). The antenna site had significantly
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Table 2.25. Results of red pine foliage nutrient analyses of
variance (p value) ta•d computed detection limits
(M) with and without covariates (1986-1992).

-------------------- P Value------------------
N P K1  Ca Mg

Without Covariates
Site .103 .082 .473 .180 .020
Year .000 .003 .000 .000 .000
Year x Site .001 .092 .253 .410 .022

----------------------%------------------------

Without Covariates
Site 5.4 10.7 5.8 6.7 3.2
Year 4.7 10.0 5.5 9.0 5.4
Year x Site 8.2 17.3 9.5 15.7 9.3

--------------------P Value------------------
N P K Ca Mg

With Covariates
Site .218 .041 .046 .031 .030
Year .000 .294 .000 .000 .000
Year x Site .001 .055 .243 .186 .009

----------------------%------------------------

With Covariates
Site 4.9 8.9 3.6 2.2 3.4
Year 4.8 9.5 5.4 8.4 5.2
Year x Site 8.3 16.4 9.3 14.5 8.9

ionly 1987-1992 data was used in this analysis due to the lack of soil

moisture data as a covariate in 1985

lower concentrations of Mg (0.091%) compared to the control
(0.094%) or the ground site (0.096%). Concentrations of Ca and

Mg generally increased .during 1986-1990 at all sites (Figure
2.18 Figure 2.20). These consistent changes during this time
period reflected the changes of foliar nutrient concentrations
with increasing plant maturity (Walworth and Sumner 1987,Lambert
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1984, Miller 1981). During 1990-1992 concentrations of these
elements have appeared to stabilize and, to some degree,
decrease.

Site by year int-ractions were only significant (p40.05) for
nitrogen (p=0.001) and magnesium (p=0.002) (Table 2.25). Figure
2.12 shows that the significant interactions for N are primarily
related to the significantly higher concentrations at the antenna
site than the other two sites in 1986. Differences in foliar
concentrations of N among sites were not significant for any
other year (Figure 2.11). Multiple range tests were not able
establish any significant differences among sites for foliar
concentrations of Mg in any single given year (Figure 2.19).
However, significant site by year interactions appear to be
related to higher levels of Mg at the control site than the other
two sites in 1986. In the years following 1986 toliar
concentrations of Mg at the control are lower or similar to
concentrations in the test sites.

For some nutrients the relationships in foliar
concentrations appear to have changed between the control and an
individual test site in the years following full power ELF
operation. For example prior to 1990 foliar concentrations of N
were greater at the antenna than at the control site but during
1990-1992 concentrations were lower at the antenna then at the
control (but not significantly). However, during these two
periods differences in foliar concentrations between the control
and the ground have shown no consistent trend. Foliar
concentrations of P at the antenna site have increased with
respect to concentrations at the control during 1991-1992 but
again there is no evidence of a similar change in foliar P at the
ground site. Thus there does not appear to be any consistent
changes* foliar nutrient concentrations at the test sites in
relation to the control .which would indicate an ELF effect
(Figures 2.11, 2.13, 2.15, 2.17, and 2.19).

Increased sensitivity of the analysis with the inclusion of
the selected covariates indicated significant differences among
sites for P, K, and Ca in addition to Mg (Table 2.25). Covariate
adjusted Mg foliar concentrations were significantly higher for
the ground site (0.10%) than either the control (0.09%) or the
antenna (0.09%) site while adjusted foliar concentrations were
significantly (p=0.05) greater at the antenna site (0.26%)
compared to the control and antenna (0.25%) for the seven year
period. Multiple range tests (p=0.05) were not able to separate
adjusted site means for K or P. Site by year interactions were
significant for P (p=0.055), N (p=0.001), and Mg (p=0.009).

Regardless of whether the covariate adjusted or unadjusted
means are compared (Figures 2.11-Figure 2.20) there appears to be
no evidence that ELF antenna operation has affected the nutrient
concentrations of the red pine foliage. Differences in foliar
concentrations of K and Ca among sites were not found to be
significant (p_0.05) for any year during the seven year study
period irrespective whether unadjusted or adjusted mean in
concentrations were considered (Figures 2.15-2.18). Differences
in foliar concentrations of N among sites were only significant
during 1986 two years prior to full antenna operation (Figures
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FIGURE 2.11 UNADUSD RED PINE FOLIAR NITROGEN CONCENTRATIONS
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FIGURE 2.13 UNADJUSTD RED PINE FOLUAR POSPHORUS CONCE.4T&TIONS
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FIURE 2-17 UINADJUSTE RED PINE FR 1 *ClUM CONCENTRATIONS
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FIGURE 2.19 RE- PIN FOuIAR MAGNEShhj COCNTA
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2.11-2.12). Although differences in foliar concentrations of P
and Mg exist after full antenna operation, differences between
the control and tests sites are not consistent and do not
indicate an ELF effect on foliar concentrations (Figures 2.13-
2.14, Figures 2.19-2.20).

Although ANOVA and ANCOVA tests did not indicate a change in
foliar nutrient concentrations at the test site with full power
antenna operation, magnetic flux densities (76Hz) estimated for
the location of each sample tree were significantly correlated
(p.0.05) with differences between annual mean foliar
concentrations at the control (1990-1992) and individual sample
tree concentrations for Ca at the ground, Mg and K at the
antenna, and N when both test sites were considered together
(Table 2.26). It is not clear whether these significant
correlations actually indicate a change in foliar nutrient
concentrations because different foliar nutrient concentrations
at the two sites were significantly correlated with magnetic flux
densities. Mean magnetic flux densities estimated for the sample
trees (1990-1992) at the ground were slightly higher (9.95 mG)
than at the antenna site (8.36 mG). The ranges in magnetic flux
density for the trees at the ground (2.12-15.95 mG) were also
slightly greater than at the antenna site (5.79-14.36 mG). Given
the similar range in magnetic flux density at the two sites, we
would expect that if the increased magnetic fields altered red
pine nutritional balances, similar changes in foliar nutrient
concentrations would be evident at both test sites. If the 76Hz
magnetic fields altered foliar nutrient concentrations, magnetic
flux densities should be consistently correlated with differences
in foliar concentrations no matter what site was considered.
This was not evident (Table 2.26) using the last three years of
data.

Comparison of magnetic field strengths and the differences
in foliar nutrient concentrations (Figures 2.21-2.25) did not
indicate any nonlinear relationships as have been found with the
height growth of the red pine. However, height growth was found
to be altered at field strengths of 0.68-6.80 mG with the effects
maximized at 2.2 mG (refer to red pine heigth grwoth). Only 29%
of the trees sampled from the ground and antenna site for foliar
nutrient concentrations during 1990-1992 had field exposures
within this range and only 5% of the trees sampled at the ground
were exposed to magnetic field strengths of 2.2 mG or less. Thus
it is uncertain to what degree these trees would indicate a
change in foliar ccncentrations consistent with the exposure
levels which stimulate the height growth of the red pine.
Further work will include quantification of possible nonlinear
relationships between the magnetic fields and the differences in
foliar nutrient concentrations at control and test sites.

It is possible that comparisons of foliar chemistry with
other EMF parameters may indicate a more consistent relationship.
Longitudinal EM fields are more variable within and between the
test sites than magnetic fields. If foliar chemistry is altered
by exposure to these fields rather than magnetic fields,
inconsistent relationships between magnetic fields and foliar
chemistry at the two test sites could be expected.
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Table 2.26. Correlation coefficients and significance levels
associated with magnetic flux densitiesm and differences in foliar
nutrient concentrations (control-test) during 1990-1992 for
ground, antenna, and ground a antenna sites.

Ground &
Ground A anenn

N -0.168 0.113 -0.241
(p=.2 7 7) (p=.459) (p=.005)

P -0.057 -0.002 0.027
(p=. 7 15) (p=989) (p=. 7 59)

K -0.190 0.302 -0.074
(p=.223) (p=.049) (p=.404)

Ca 0.386 0.154 0.070
(p=.01l) (p=.325) (p=.435)

Mg 0.215 0.300 0.1i)
(p=.166) (P=.051) (p = . -6)

Future work will concentrate on comparing foliar chemistry to
longitudinal fields as well as magnetic fields.

Sunary

0 At this time there has been no indication that the ELF
antenna operation has altered the nutrient status of the red
pine. No significant and consistent changes in foliar
concentrations were evident at the test sites after antenna
operation. Furthermore, correlation's between the magnetic flux
densities and differences in foliar nutrient concentrations were
not consistent when test sites were compared separately. Future
work will focus on the inclusion of foliar concentrations sampled
in 1993 to the analyses, quantifying possible nonlinear EMF
foliar concentration relationships, as well as inclusion of
longitudinal EM fields to correlation analyses performed this
year.

Leaf Water Potential

The leaf water potential study ended in 1992. A summary of this
work appeared in the 1992 Annual Report for this project. A
summary of the work will appear in the final report.
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FIGURE 2.23 CONTROL-TEST SITE K CONCENTRATIONS VS
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FIGURE 2.25 CONTROL-TEST SITE MG CONCENTRATIONS VS
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ELEM•NT 3: PKENOPHASE DESCRIPTION AND DOCUMENTATION

PhenologA.cal events, or the timing of certain
morphological processes, are important phytometers of plants
under stress. Events, such as stem elongation, bud break,
leaf expansion, flowering, fruiting and leaf senescence have
been used in the past to monitor and assess a plant's response
to factors such as climate and soils. Morphological
characteristics, such as leaf area, stem length, number of
buds, number of leaves, number of flowers, and number of fruit
have also been used to monitor a plant's response to these
factors. By combining both phenological and morphological
information, researchers have obtained a better understanding
of the potential changes plants will exhibit in response to
perturbations.

Starflower, Trientalis borealis Raf., is an important
herbaceous species in many northern ecosystems. It is
especially important in hardwood ecosystems of the North
Central region of the United States. Phenophases of
starflower have been well documented in northern Wisconsin by
Anderson and Loucks (1973) and in Canada by Helenurm and
Barrett (1987). Because of this prior information on
phenophases and morphological characteristics of starflower
and because we consider starflower to be a sensitive species
to stand disturbances, it has been chosen as an indicator of
ecosystem responses to extremely low frequency (ELF) fields.
It is a major herbaceous species on both the control site and
the ELF antenna site.

To assess the effects of ELF fields on Trientalils
borealis, the objectives of this element are to: 1) describe
and document specific changes in phenological events and in
-the morphological characteristics if Trientalis borealis prior
to and during operational use of the ELF antenna and 2) use.
these data to test hypotheses of possible changes in
physiological and phenological processes due to ELF fields.

The main scientific hypothesis to be tested each
year is there is no difference in the onset of
flowering and the timing of leaf expansion of
Trientalis borealis between the antenna and the
control sites within a year.

The hypothesis to be tested over all years is there
is no difference in the onset of flowering and the
timing of leaf expansion of Trientalis borealis
before and after the ELF antenna becomes
operational.

Morphological characteristics (number of buds, number of
flowers, number of fruit, and leaf senescence) will also be
analyzed within the context of these hypotheses. Ambient
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characteristics, described in Element 1, within each year will
be used as covariates to explain significant differences in
phenological characteristics of leaf expansion, leaf size
(area, length, and wiith), and stem length between sites, and
among years and site by year interactions.

Saml2ing and Data Collection

During the 1992 field season, data were collected at the
antenna and control sites from May 7 until August 7. Each
site was sampled twice a week from May 7 until June 18 to
delineate flowering periods and leaf expansion with greater
precision. After full leaf expansion and flower development,
each site was sampled once a week until August 6. Parameters
measured per plant for each observation period included stem
length, length and width of the largest leaf, number of
leaves, number of buds, number of flowers, number of fruit,
number of yellow leaves (leaves senescing), and number of
brown leaves. To ensure an adequate representation of
starflower phenophases, a minimum sample size of 200
individual plants per site was maintained for each observation
period during leaf expansion, bud formation, and flowering.
To achieve this goal, a single transect line was run and
subsequently divided into permanent I m subplots. Individual
plants within each subplot were then numbered and tagged until
a normal distribution of mean stem length was attained. Stem
length was used as the response variable for this
determination because it is a prime indicator of a herbaceous
plant's potential sexual productivity. A normal distribution
of stem length ensures an adequate representation of the
population for analysis of variance techniques. The number of
meter square subplots, required to obtain a minimum sample
size of 200 plants, varied between the antenna and control
site and among weeks sampled. To reduce bias in choosing the
'00th individual, all individual plants were tagged and
measured in the subplot where the 200th plant occurred, hence
sample size was unequal across sampling days. This sampling
method was maintained for each individual plant until tagged
individuals began to die or were eaten. Thereafter,
observations were taken only on the remaining tagged
individuals. Maximum leaf area was estimated for each plant
by 1) taking the largest leaves on 15 randomly sampled plants
off the herbaceous reserves at each observation period in
1986-1992, 2) measuring leaf length, leaf width and leaf area
on these 15 samples, and 3) developing regression equations
for leaf area (dependent variable) using leaf length and width
as independent variables.

Phenoloaical characteristics

In 1992, due to snow and cool weather conditions in May,
the initiation of stem and leaf expansion in addition to bud
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formation was not monitored before May 7; bud formation had
already begun on both sites (Figure 3.1H). Flowering on the
control site also began 5 days earlier (May 16) than flowering
on the antenna site (May 21) (Figure 3.2H). As with
flowering, fruiting occurred 4 days earlier (May 26) on the
control site than on the antenna site (May 30) (Figures 3.30
and 3.3P). Leaf senescence (yellowing leaves) began 7 days
earlier on the control site (June 4) compared with the antenna
site (June 11) (Figures 3.400 and 3.4P) while the occurrence
of dead leaves (brown leaves) earlier on the antenna site (May
30) than on the control site (June 11) (Figures 3.50 and
3.5P). Similar relationships occurred in the 1991, 1990,
1989, 1988, 1987, 1986, and 1985 growing seasons.
Statistically, site x year interactions were not significant
(p > 0.05) for initiation julian dates of flowering, fruiting,
senescing leaves, and browning leaves indicating that ELF
fields present after the 1989 growing season had no effect on
the timing of these starf lower's phenological events.
Significant site by year interactions (p < 0.01) were
determined for julian dates of initial leafout and budbreak.
These differences were, however, due to fluctuations in the
beginning sampling date for each year. Site differences in
julian dates for these variables were not detected after the
ELF antenna became operational.

During the 1985-1989 growing seasons, flowering and
fruiting on both sites began when the previous event (e.g.,
bud break and flowering, respectively) was at its maximum
(Figures 3.6A-3.6J). However in 1990 and 1992 (after the
antenna-became fully operational - September, 1989), flowering
and fruiting on the antenna site seemed to be different from
previous years and from the control site (Figures 3.6K, 3.6L,
3.60, and 3.6P). The initiation of flowers and fruits began
before the peak (maximum) number of plants with buds and
number of plants with flowers. Reasons for the changes
observed in 1990 and 1992 are unclear. In 1991, timing of
flowering and fruiting on the antenna site was similar to
patterns in 1989, 1988, 1987, 1986, and 1985. Optimum
climatic conditions in 1991 (higher temperatures and
precipitation amounts - Element 1) may be the reasons for
similar patterns in 1991.

Over all years, the number of plants with buds,
flowering, and fruiting were significantly lower on the
antenna site in 1986, 1987, and 1988 than on the control site
(Figures 4A and 43). Reasons for this are unknown. No
significant differences between the antenna site and control
site (p < 0.05) in the number of plants flowering and fruiting
were observed after 1988. The number of plants with buds were
significantly higher on the control site in 1989 and 1990;
however these differences were not evident after I These
analyses indicate no significant effects on r logical
processes due to ELF fields.
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Figure 3.3: Relative frequency for number of plan:s w::,
one or more fruit by sampling date on the control site 1985
(A), 1986 (C), 1987 (E), 1988 (G), 1989 (1), 1990 (K), 1991
(M), and 1992 (0); and the antenna site in 1985 (B), 1986
(D), 1987 (F), 1988 (H), 1989 (J), 1990 (L), 1991 (N), an:!
1992 (P).

SrAMrLOWER 'gas CONTROL. STANFLOWER IeS ANTENNA
N~i0 at Fewl A kw~ of Br

•. 0. ),. .0.

DA.TE DATE

STARLO% ON CONRL STAFLOWER 19" ANTENA

"E F

tD

¶ ,.•w /

30a3

LB

*'a. 6,1a S,6SoU 1.i9 6' ,uIIS (off b" 10 44 a-IF Soso S,1 S,16 I'M s'1 41 6,00su5' -la- - 6011 6,n P4P '"i 7,13 I'-:I

DATE DATE

167.



STANALOWUNU 0C•TPAL G STAUILOWUM 194A,4TE••A H

W•- U-

we ~ ~ ~ ~ ~ ~ b we so em e& w po o ba Om am M e IM ON e Wu 1.01 P1, 666k

DATE OATI

-

SAAFLOW IM CONTROL STMULWOW IM ANETENNA
-k of p"~ of 4 q

i* U

CAI

us IM . K STKOWW i ,ANTENA

DATIE DATEI

i:168

n. I

iUlS U U U mbel USb SU Ub 5U b mU efU" .

DATE~q QI DATE T~qOlH11

Nllmrqdl~lm 168. III



. Iiii

DATE DATE

STAPR.OWN IM CONTM aa. poflw of Pro 0 wePfP

Ii o I" .

"i s

- - M - mw iik k MkMS M I i

OAPI OAT!

169.



Figure 3.4: Re'ati.ve frequency for -umber of plantsw-
one or more leaves senesc:ng by sampling date on th-e conr.:_;
site 1985 (A) 1986 (C) , .9871 (E) , 1988 (G) , 1989 (:), 19.
(K), 1991 (M), and 1992 (0) ; and the antenna site in i9a:S
(8), 1986 (D), 1987 (F), 1988 (H), 1989 (J), 1990 (L), '-991
(N), and 1992 (P).
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Figure 3.5: Relative frequency for number of plants w:-
one or more brown leaves by sampllng date on the con::-r:
site 1985 (A), 1986 (C), :987 :E), 1988 (G), 1989 (1), W9
(K) , 1991 (M) , and 1992 C; and -he antenna site :n 185
(B) , 1986 (D), 1987 (F), 1988 (H), 1989 (J), 1990 (L),
(N), and 1992 (P).
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Figure 3.6: Comparison of the relative frequency an.d
proportion of plants with one or more buds, flowers, and
fruit by sampling date on the control site 1985 (A), 1986
(C), 1987 (E), 1988 (G), 1989 (1), 1990 (K) , 1991 (M), and
1992 (0); and the antenna sjze in 1985 (B), 1986 (D), 1987
(F), 1988 (H), 1989 (J), 1990 (L), 1991 (N), and 1992 (P).
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Figure 4: Number of plants on the Antenna site (A) and the
Control site (B) with buds, flowers, and fruit.
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To determine if handling had a significant effect on stem
length, leaf length, and leaf width on both the control and
the antenna sites, three permanent plots (1 m2 ) were randomly
established in 1989 on each site approximately 1 m from thf
sampled transect at varying distances along the transect. All
plants within the "unhandled" plots were measured on one
occasion per year (the last measurment period for each year).
Care was taken to ensure the least amount of handling occurred
to plants on the "unhandled" plots. Mean stem lengths, leaf
lengths, and leaf widths on both the "handled" plots and the
"unhandled" plots on the control site and the antenna site
were then statistically compared. In 1989, results indicated
that there were no significant decreases (p >0.20) in stem
length, leaf length, and leaf width of "handled" plants on
both the control site and the antenna site. In 1990 and 1992,
similar results were determined. Due to problems in data
acquisition, handling data collected in 1991 was lost. In
1989, 1990, and 1992, no significant interactions were
determined among site and handling treatments.

Analysis of covariance (ANCOVA) was used to determine if
climatic and microsite characteristics could be used to
explain differences in stem expansion (cm/time period), leaf
expansion (cm/time period), and leaf area expansion (cm4/time
period) between sites (antenna vs control), years, and site
by years (Table 3.1). The same ANCOVA was used in 1992 as in
1991, 1990, 1989, 1988, and 1987. Because of the evident
subplot variation along the sampling transect, additional
information on basal area and canopy coverage of woody species
within each subplot was taken in 1989. Basal area by species
and total basal area were estimated for each subplot using a
10 factor prism. Canopy coverage on the ground and at 4.5
feet were measured using a densiometer. This same information
was used for the 1990, 1991, and 1992 analyses.

Table 3.1. Analysis of Covariance table for sta expansion,
leaf expansion, and leaf area expansion.

Source of Variation di Ha

Year 4SS MS MSy/MSe
Covariates SSy MSC MSc/MSe1ss y Mc MSc/MSei

Error 1 (P/Y) 40-# SSel MSel

Site 1 SSs MSs MSs/MSe2
Site by Year 4 SSsy MSsy MSsy/MSe2
Covariates # SScs MScs MScs/MSe2
Error 2 (SxP/Y) 40-# SSe2 MSe2

In the initial analysis of variance without covariates,
stem expansion, leaf expansion, and area expansion on the
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antenna site were significantly different from the control
site (Table 3.2A) Year and site/year interactions were also
determined to be significantly different (Table 3.2A).
Prior to ANCOVA, scatterplots of soil temperature degree days
running total versus the response variables indicated •at the
variation in the response variables increased with increasing
soil temperature (e.g.non-constant variance). This problem
was solved by taking the natural log of soil temperature
degree days running total. Correlations were then calculated
between starflower measurements and climatic and microsite
variables. The variables most highly correlated to stem
length, leaf area, leaf length, and leaf width expansion were
1) maximum solar radiation (SOLMX) (r=-0.14, -0.38, -0.37, -
0.40 respectively), 2) natural log of soil temperature degree
days running total at 10 cm (LSTIODRT) (r=0.17, 0.53, 0.58,
and 0.66 respectively), 3) bigtooth aspen basal area (BTABA)
(r=0.22, 0.30, 0.29, and 0.25 respectively), and 4) northern
red oak basal area (NROBA) (r=-0.20, -0.30, -0.29, and -0.26
respectively). Interactions between climate variables and
microsite variables were also highly correlated to stem
length, leaf area, leaf length, and leaf width expansion (ie.,
LST1ODRT/BTABA (r--0.12, -0.21, -0.18, -0.16, respectively),
and LST1ODRT/NROBA (r=0.16, 0.30, 0.30, 0.24, respectively)
SOLMX/BTABA (r= -0.20, -0.30, -0.32, -0.30, respectively)).
Although not highly correlated to leaf area, leaf length, and
leaf width expansion, the interaction SOLMX/NROBA (r=-0.04, -
0.03, 0.01, -0.07, respectively) was used as a covariate to
explain the high component of northern red oak trees on the
control site. This year (1992), precipitation was added to
the covariate analysis to account for the significant
differences in precipitation between years (Element 1).
Precipitation and its corresponding interaction with basal
area estimates were not as highly correlated with stem length,
leaf area, leaf length, leaf width as other ambient data
(absolute r avlues ranged from 0.02 to 0.16) but added
significant amounts of explained variation in the response
variables when used in covariate analysis (Table 3.2B).

Table 3.2. Results of ANCOVA (p values) to determine
significant differences in stem expansion (STEM),
leaf length expansion (LGTN), leaf width (LWTH)
expansion, and leaf area expansion (LRanA) between
sites, yeaws, and sit* by years.

A) No Covariates

Source of Variation STEM LM LWTM L&M

Year 0.00 0.00 0.00 0.00
Site 0.00 0.00 0.00 0.00
Site by Year 0.00 0.00 0.00 0.00
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B) Covariates for Stem Length (STEM)* Leaf Length (LGTH),
Leaf Width (LITH), and Leaf Area (LARNA). Bigtooth Aspen
Basal Area (BTABA) + Northern Red Oak Basal Area (NROBA) +
Natural Log (Soil Temperature Degree Days Running Total at 10
cm)/BTABA + Natural Log (Soil Temperature Degree days Running
Total at 10 cm)/NROBA + Maximum Solar Radiation/NROBA +
Precipitation/NROBA.

Source of Variation STEM LGTH LLARE

Year 0.00 0.01 0.00 0.00
Site 0.81 0.99 0.77 0.87
Site by Year 0.00 0.03 0.03 0.69

The use of these covariates explained significant amounts of
variation in leaf area, leaf length, and leaf width expansion
between sites but not among years (Table 3.23). These
covariates also explained significant amounts of variation in
site by year interactions for leaf area expansion but not for
site by year interactions for leaf length and leaf width
expansion.

MorDhological Characteristics

Observations in the past years suggested a clonal
difference between the population of starflower on the antenna
site versus the population on the control site. In 1990,
starflower plants and soils from each site were collected off
the herbaceous transects and reciprocally transplanted on to
the other site. Plants were randomly chosen from each site
and placed in the same light regime on the other site. Plants
were then measured in early September to determine if there
were morphological differences between the two sites. In
1990, the transplant study indicated that there was a
significant reduction (p < 0.05) in the stem length of plants
taken from the control and planted on the antenna site versus
average stem lengths on the control site. Number of leaves,
leaf lengths, and leaf widths were not statistically different
between the sites. At this time, there is no explanation for
these results. In 1991, none of the transplants could be
found on either site, thus this study was not continued in
1992. It is believed that the transplants on both sites did
not produce a rhizome at the end of the growing season in
1990. This was probably due to transplanting shock and/or to
other climatic factors.

A maximum of four buds per plant was observed on the
control site but not the antenna site this year (Figure 3.13).
On both sites, the number of plants with two buds fluctuated
considerably. This fluctuation was attributed to herbivores.
Plants on the antenna site produced the same number of flowers
as on the control site (Figures 3.23). Plants with three
fruit were only observed on the control site but not on the
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antenna site (Figures 3.30 and 3.3P). These results were
opposite from results in 1991 and 1989. This year, both sites
exhibited much different characteristics in the number of
yellow leaves at various measurement periods during the
growing season (Figures 3.40 and 3.4P). Reasons for this are
unknown except that the climate from May to August was cold
and rainy with intermitent dry/hot periods in May and early
June which may have caused significant depletion of yellow
leaves on certain plants. The percent of plants with brown
leaves were somewhat similar between the antenna and the
control sites and similar to results from 1988 and 1986
(Figures 3.50 and 3.5P). The effects of ELF fields on
morphological characteristics are not evident at this time.

Using regression analysis, linear equations were fit to
observations of leaf area using leaf length and leaf width
measured on destructively sampled starflower plants off the
herbaceous reserves for each year (1986-1992) on each site
(Table 3.3).

Table 3.3. Leaf area (LA) equations for each site in each
year and for all sites and all years using leaf
width (Lw) and leaf length (LI).

Site (Year) Equation Sy.x 1

Control Site (1986) LA = 0.09 + 0.55 (Lw x Li) 0.20
Control Site (1987) LA = 0.11 + 0.56 (Lw x Li) 0.18
Control Site (1988) LA = 0.40 + 0.52 (Lw x Li) 0.68
Control Site (1989) LA = 0.05 +.0.57 (Lw x Li) 0.18
Control Site (1990) LA = 0.08 + 0.56 (Lw x LI) 0.16
Control Site (1991) LA = 0.13 + 0.56 (Lw x Li) 0.21
Control Site (1992) LA = 0.15 + 0.57 (Lw x LI) 0.22

Antenna Site (1986) LA = 0.13 + 0.55 (Lw x Li) 0.26
Antenna Site (1987) LA = 0.13 + 0.56 (Lw x Li) 0.34
Antenna Site (1988) LA = 0.32 + 0.52 (Lw x Li) 0.60
Antenna Site (1989) LA = 0.05 + 0.56 (Lw x Li) 0.24
Antenna Site (1990) LA - 0.15 + 0.54 (Lw x Li) 0.37
Antenna Site (1991) LA = 0.12 + 0.54 (Lw x Li) 0.35
Antenna Site (1992) LA = 0.20 + 0.54 (Lw x Li) 0.28

1 Standard error of regression

The independent variable of leaf width x leaf length
explained over 98 percent of the variation in leaf area for
both sites in 1986, 1987, 1989, 1990, 1991, and 1992. Ninety-
two and 96 percent of the variation in leaf areas was
explained using the variable leaf width x leaf length for the
control and the antenna sites, respectively, in 1988. Higher
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standard errors occurred with the development of the 1988
curves (Table 3.3). Possible causes of increased error in
1988 were attributed to inaccuracies in leaf length and leaf
width measurements and/or leaf sampling techniques in the
field.

Regression coefficients (intercepts and slopes) were
tested to determine if there were significant differences (p
< 0.05) between sites (antenna vs control) and among years.
Site-year interactions were also examined. In 1992,
significant yearly (p < 0.001) and site (p < 0.001)
differences in both the slopes and the intercepts were
observed. Intercepts for the antenna and control sites in
1988 were again significantly greater than for 1986, 1987,
1989, 1990, 1991 and 1992; the intercept for 1989 was
significantly lower than all other years. Slopes for the
antenna and control sites were significantly lower in 1988
than for 1986, 1987, 1989, 1990, 1991, and 1992. Again these
differences may be due to inaccurate leaf sampling techniques.
However, these differences may also be due increased solar
radiation in 1988 compared with other years (Element 1, this
report).

Sumaary

Differences in phenological events of starflower (bud
break, flowering, fruiting, leafout, leaf senscence (yellow
and brown)) between the antenna and control sites were not
evident after the ELF antenna became operational (September,
1989). In 1992, significant variation in stem expansion, leaf
length and width expansion, and leaf area expansion between
the antenna and the control site can be explained using
microsite basal areas, soil temperature degree days running
total at 10 cm, maximum solar radiation, precipitation, and
Interactions between these variables. These covariates also
explain significant variations in leaf area expansions among
site by year interactions. There were, however, significant
site by year differences for stem length, leaf length, and
leaf width expansion. Our conclusion, at this time, is that
ELF fields have not significantly influenced starflower on the
antenna site.
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81iment 4. MYCORRHIZAR CHARACTRRIZATION AND ROOT GROWTH

Mycorrhizae of plantation red pine seedlings have been
chosen as sensitive biological indicators to reflect
perturbations which might be caused by ELF fields.
Mycorrhizae are symbiotic structures representing a finely
balanced physiological relationship between tree rocks and
specialized fungi, providing mutual benefit to both partners
of the symbiosis. Mycorrhizal fungi are obligately bound to
their host requiring photosynthate from the tree for their
energy source. In return, the matrix of mycorrhizal fungus
mycelium which permeates the forest floor and mineral soil
from colonized roots provides the host tree with minerals
and water more efficiently than without its fungal partner.
Although many types of mycorrhizae occur on these sites,
this study will examine oniy ectomycorrhizae fungi formed on
red pine root systems.

Mycorrhizal associations are a major part of a forest
ecosystem and are likely to be sensitive indicators of
subtle environmental perturbations. Mycorrhizal fungi are
obligate symbionts, directly dependent on their partner's
physiology for their health. Thus mycorrhiza formation and
numbers will be sensitive to factors affecting either the
fungus component or the host plant component.

Mycorrhizae have been selected for evaluation in other
studies which require sensitive indicators of subtle
environmental changes. Recent studies were designed to
monitor the effects of acid rain on the forest ecosystem
using mycorrhizal numbers as the parameter of assessment
(Reich et al. 1985, Shafer et al. 1985, Stroo and Alexander
1985, Dighton and Skeffington 1987). Similar studies have
examined mycorrhizae and how they were affected by ozone and
ai. pollution (Kowalski 1987, Reich et al. 1985, Mejstrik
and Cudlin 1987) and heavy metal buildup in soils (Jones and
Hutchinson 1986). Extremely low frequency fields could
detectably alter the more discriminating mycorrhizal fungus
component. Data regarding mycorrhizae may also be used to
substantiate responses seen in other measures of tree
productivity.

Populations of mycorrhizae on each red pine plantation
site are compared at monthly intervals during the growing
season (May-October) and with corresponding monthly
intervals e4uring the growing season from previous years.
The basic experimental units are individual red pine
seedlings. Mycorrhizae are categorized into morphological
types produced by different fungal associations on red pine
seedlings. Changes in both the frequency of occurrence for
different mycorrhizal types and the total numbers of
mycorrhizae per seedling are quantified for analysis both
within and among years as well as among sites. Data for
analysis are expressed as the total number of mycorrhizae

185.



per gram of seedling root mass (oven dry weight (o.d.w.)
60 0 C). The working null hypothesis states that there are no
differences in population densities of different types of
mycorrhizai root tips on red pine seedlings at the Ground
Antenna and Control sites, before or after the ELF Antenna
becomes operational. Other changes that could occur are
reflected by possible alternative hypotheses such as; 1)
shifts in population species composition and 2) changes in
the character of mycorrhizal morphology type.

Sanmlina and Data Collection

In conjunction with Element 2, Tree Productivity,
fifteen red pine seedlings per site (five per plot per site)
were sampled for six months (May-October) during the 1992
growing season, as was done the previous siý years.
Seedlings for mycorrhizal analysis were simu±izneously
measured for above- and belowground growth par:•' .rs and
moisture stress. To retrieve mycorrhizae-bear--.,,; lateral
roots, the seedling's root system was excavated using a
shovel and produced a soil sample approximately 50 cm in
diameter and 25 cm deep. This method was different than
prior years due to the difficulty in adequately sampling
major areas of seedling fine root biomass; thus, the soil
sample area was enlarged. Red pine seedling fine (< 5mm)
roots were extracted from this sample in the field to obtain
approximately 30 to 60 cm of total root length. Lateral
roots from each seedling with adherent soil were wrapped
tightly in individual plastic bags, placed in a cooler and
transported to the laboratory where they were refrigerated.
Within two to three days the lateral roots were rinsed first
in a small volume of distilled water (1:1 water to root/soil
volume) for rhizosphere soil pH determination, then washed
gently in tap water, placed in a fresh volume of tap water
and refrigerated. Approximately 0.25 g roots (fresh weight)
per sample were removed at this time for actinomycete
enumeration (ELF, Litter Decomposition and Microflora
Study). Counting mycorrhizal tips was begun immediately
with counts completed within two weeks of field sampling.

A shallow white pan containing a small amount of water
was used during the root sectioning and counting operation.
The roots were cut to obtain 30 - 3 cm segments. As each 3
cm root segment was counted, its diameter and number of
mycorrhizae were recorded. A mycorrhiza is defined, in this
study, as a terminal mycorrhizal root tip at least 1.0 mm in
length; hence a mature dichotomously branched mycorrhizal
root tip would be tallied as two mycorrhizae. Upon
completion of counting segments were collectively dried at
60 0 C to constant mass and weighed. Mycorrhiza counts for
each 3 cm root segment are expressed as mycorrhizae per gram
(o.d.w.) of dry root. This measure has been used in other
root studies examining mycorrhizae dynamics in forest
ecosystems (Harvey et al. 1987).
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The most common mycorrhizae on these sites continue to
be represented by fairly uniform morphologies. They range
in color from a tan :o a deep red-brown color and are formed
primarily by Thelephora terrestris and/or Laccaria laccata
(sensu lato, Fries and Mueller 1984). These mycorrhizae have
been designated as Type 3 mycorrhizae. Many of the
mycorrhizae have acquired a nearly black to deep jet-black
color due to colonization by Cenococcum graniforme, an
abundant mycorrhizal fungus in the original and surrounding
hardwood forests, which were designated as Type 5
mycorrhizae. White to tan floccose forms are occasionally
found, presumably colonized by Boletus, Hebeloma, Paxillus
or Suillus spp., which have been designated as Type 6
mycorrhizae. Though variations occur within mycorrhizal
morphology types, all fit within the grouping of these three
main types. A dissecting microscope was used to distinguish
mycorrhizal types. Morphology types were tallied separately
and then totaled for each seedling. Non-mycorrhizal root
tips were easily distinguishable as white root tips composed
entirely of plant tissue, obviously lacking a fungal
component.

Descriptions of Red Pine Mvcorrhizal Morphologv Types

Type 3 Mycorrhiza

Macroscopic: Light buff to dark red brown, sometimes
nearly black, usually lighter at the apex; 2-10 mm long x
0.25-1.0 mm diameter; mono- or bipodal, occasionally
multiply bifurcated and in mass forming coralloid clusters;
plump and straight when short, but spindly and often crooked
when long, usually somewhat constricted at the base.

Microscopic: Surface hyphae sparse, 2-3 um diameter,
bearing clamps, setae scattered, often clustered in bunches
of 4-8, mostly 50-80 um long; mantle 10-20 um thick, thinner
over apex, hyphae forming conspicuous interlocking, *jig-saw
puzzle-like' pattern; cortical cells red-brown except over
apex where they are colorless; Hartig net hyphae bulbous and
also forming interlocking pattern.

Commuents: This is the most common type of mycorrhiza
and was found originally on nursery red pine seedlings. The
causal fungi, as evidenced by cultural isolation, are most
often Laccaria laccata (sensu lato) and Thelephora
terrestris, though other fungi may also produce similar
mycorrhizae. It is worth noting that L. laccata (sensu
lato) abounds in the surrounding forests and fruits
abundantly on the plantation sites. This fungus might
therefore be expected to maintain its dominance in the
plantation seedlings. Thelephora terrestris has also been
observed fruiting on the plantation sites.
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Type 5 Mycorrhiza

Macroscopic: Black, sometimes with lighter apex;
usually fuzzy with abundant attached, coarse hyphae; 1-3 mm
long x 0.5-10 mm diameter; mono or bipodal, seldom multiply
bifurcated; often appearing as if dark hyphae are enveloping
Type 3 mycorrhizae.

Microscopic: Surface hyphae dark-brown to black, 3-6
um diameter, septate; setae arising from central stellate
points of interlocking surface hyphae, setae 100 um or
greater in length; mantle 10-30 um thick, mantle surface of
coiled and interlocking hyphae; cortical cells dark and
covered directly with hyphae of the same type observed with
Type 3 mycorrhizae; Hartig net hyphae bulbous and also with
interlocking pattern.

Comments: This is a later successional stage
mycorrhiza, appearing as a dark sheath over an earlier
developed mycorrhiza. The causal fungus is Cenococcum
graniforme, which is commonly isolated from these
mycorrhizae. Hypogeous fruit bodies of Elaphomyces spp.,
the anamorph of C. graniforme, have been collected in the
surrounding forest, indicating that edequate inoculum is
available.

Type 6 Mycorrhiza

Macroscopic: White to light gray-brown, mottled and
silvery; 2-5 mm long x 0.5-1.0 mm diameter; abundant
loosely-bound surface hyphae often binding soil matter;
mono- or bipodal often in large coralloid clusters of
multiply bifurcated tips; in water, air bubbles become
entrapped in loose surface hyphae causing freed individual
mycorrhizae to float.

Microscopic: Surface hyphae colorless, abundant,
septate or not, 3-6 um diameter, multiply branched at
septae; setae lacking; mantle of loose hyphae 24-100 um
thick, cortical cells red-brown covered with interlocking
hyphae similar to Type 3; Hartig net hyphae bulbous and also
with interlocking pattern.

Comments: This also appears to be a later successional
stage mycorrhiza type forming a sheath over an earlier
developed mycorrhiza. Presumably the responsible fungi
colonize new root tips as well. Based on cultural
characteristics of isolated fungi, the causal fungi probably
belong to the families Boletaceae, Cortinariaceae or
Paxillaceae. Fruiting bodies of these families were common
in the original forest and fruit abundantly in the
surrounding forest, providing adequate and readily available
inoculum.
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